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Abstract

ABSTRACT
Boundary lubrication involves asperity contact and confined lubricant support. To
understand the molecular origin of the friction and lubrication in boundary lubrication,
it is necessary to investigate the related problems from the atomic perspective. In this
thesis, molecular dynamics (MD) simulations were carried out to investigate
boundary lubrication at nano-scale.

MD simulations of thin film lubrication at nano-scale aimed at the status of confined
lubricant with a thickness of several angstroms. Lubricant of n-alkanes with different
chain length and branch was introduced into the atomic flat surfaces with various
liquid-solid interactions. Results showed that the friction force was a combined result
of the interfacial slip, the properties of lubricant, and the confinement. With the
decrease of film thickness, explicit layering structure occurred, such as the bi-layer
structure without bridging molecules.

Lubricated asperity contact was crucial in boundary lubrication. The lubricated single
asperity contact showed the dynamic process of lubricant being squeezed out at
contacting interface. It demonstrated that long chain molecules can remain at the
interface and minimize direct asperity contact. More importantly, it is the first time
that a model of the lubricated 3D multi-asperity contact through MD simulation was
carried out. The results showed the friction force depended on the surface roughness,
the amount of lubricant, and adhesion force.

Finally, the flat surfaces with charge were used to investigate the effect of polar
molecules (short chain PEO) on thin film lubrication, which observed the increase in
friction due to the extra roughness from adsorbed molecules. For the charged rough
surfaces, the firmly adsorbed PEO layers separated the asperities; hence the rough
surfaces actually slid through two molecular layers, which resulted in a small friction
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force.

The work in this thesis covered the main aspects of boundary lubrication at nano-scale.
The results offered an enlightened view on the mechanism of boundary lubrication,
some of which can help to understand the experimental observation.
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Introduction

INTRODUCTION
Recent developments in system designs have resulted in decreasing physical sizes and
small tolerances, which requires a fundamental understanding of friction and
lubrication at nano-scale. Experimental results have shown that in the interfacial
region of only a few molecular diameters, the confined fluid has very different
physical properties than in the bulk region, e.g. one of the common assumptions in the
fluid mechanics is the no-slip boundary condition which has been proved to be invalid
in thin film lubrication at nano-scale. Moreover, surface roughness can been found at
all length scales, from macro-, micro- to nano-scale. In boundary lubrication, some
surface regions are fully separated by lubricant while other asperities are under direct
contact. The surface roughness, lubricant and adhesion force together determine the
contact condition between two surfaces. Therefore, a full understanding of the
fundamental mechanism of friction and lubrication between rough surfaces at
nano-scale becomes important.

In this thesis, molecular dynamics simulation of boundary lubrication was presented.
The aims of this work include:
1) The effect of the molecular properties (chain length and branch) and the
liquid-solid interaction on thin film lubrication. The dynamic process of thin
film lubrication before direct surface contact occurred when the film
thickness decreased.
2) The squeezing process of lubricant at contacting interface, and the effect of
chain length on protecting the surface asperities.
3) Lubricated 3D rough surface contact, and the relationship between the
surface roughness, the amount of lubricant and the adhesion force.
4) The effect of electrostatic interaction between surface atoms and polar
lubricant in thin film lubrication, and the protecting performance of the
absorbed layer of polar molecules against surface contact.
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This work started with a review on friction and lubrication at nano-scale from
experiments and simulations. Particular phenomena at nano-scale were presented,
including stick-slip motion, solvation force, and lubricant solidification, etc. Moreover,
the simulation results were divided into three main categories: dry contact, confined
thin film, and lubricated surface contact. There were a limited number of MD
simulation works that have been done on lubricated surface contact, particularly
lubricated multi-asperity contact; therefore, it is necessary to extend current models to
lubricated multi-asperity contact, which can represent real surface contact at
nano-scale.

In Chapter 2, the basic knowledge of MD simulation was presented. The details of
MD models in this work and other related techniques were also explained.

In Chapter 3, MD simulations of confined thin film with atomic flat surfaces and
different amount of lubricant were presented. The effects of liquid-solid interaction,
molecular chain length and branch on friction were discussed. By reducing the
amount of lubricant confined between the surfaces, work was carried out to
investigate the thin film lubrication before direct surface contact occurred.

In Chapter 4, surfaces with single asperity were compressed and lubricated with
n-alkanes molecules. The number of lubricant atoms remaining at the contacting
interface increased with the chain length. In fact, long chain molecules formed a
lubricant monolayer to separate the asperities, thereby avoiding direct asperity contact.
With asperity contact, an obvious periodicity in friction force was observed due to the
lattice deformation, whereas a negative friction force (in the same direction of surface
sliding) occurred as a result of smooth sliding when asperities passed each other
without direct metal contact. Moreover, weak asperity contact was also carried out,
which found a smooth sliding behavior although direct metal contact occurred.

In Chapter 5, 3D roughness was introduced to the model, and the results of dry and
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lubricated multi-asperity contact were presented. In dry sliding, surface flattening was
observed, and the surfaces reached sliding equilibrium when the contact area was
large enough to support the load. As to lubricated surfaces, the surface roughness, the
amount of lubricant and the adhesion force together determined the contact condition,
from partially separated to fully lubricated.

In Chapter 6, MD simulations of charged surfaces with polar molecules were carried
out to determine the effect of electrostatic interaction on thin film lubrication and
rough surface contact. In thin film lubrication, the extra surface roughness from
adsorbed polar molecules suppressed the interfacial slip. Moreover, PEO molecules
were also placed between charged multi-asperity surfaces. The results showed that the
charged surfaces firmly attracted PEO molecules, thereby forming a layer like a
coated layer. The sliding was actually through the interaction between two adsorbed
layers.

In the final chapter, main conclusions were drawn from all the MD simulations, and
suggestions were proposed for future work.

To the best of author’s knowledge, the following innovations have been contributed to
the research of nano-tribology.
1

A single asperity MD model was established to simulate the dynamic process
of the squeezing/protective behaviour of lubricant molecules between
contacting interfaces, which is a common phenomenon in surface contact.
The simulation results highlighted the effect of molecular architecture,
especially the lubricant chain length, on the role of reducing direct asperity
contact.

2

The surfaces consist of multi-asperities. For the first time, a lubricated
multi-asperity 3D contact was successfully investigated by molecular
dynamics simulation, which reveals the mechanism of boundary lubrication
at nano scale. The friction and wear in boundary lubrication depends on the
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surface roughness, the amount of lubricant, and the surface adhesion force.
3

The metal surfaces contain the atoms with charge, such as Fe2O3; while real
lubricant is a mixture of non-polar and polar molecules. A specially designed
MD model with short chain PEOs and n-alkanes was established to
investigate the effect of surface charge and polar molecules on friction and
lubrication in boundary lubrication. It has been found that the surface charge
attracted polar lubricant molecules to resist the interfacial slip at thin film
lubrication; and the adsorbed PEO layer separated the asperities and reduced
the frictional force.
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CHAPTER 1 LITERATURE REVIEW
Tribology is the science and technology of interacting surfaces in relative motion, and
of related subjects and practices. The nature and consequence of this interaction at the
moving interface control the friction, the wear, and the behaviour of the lubrication.
Understanding the nature of this interaction and combating the technological
problems associated with the interfacial phenomena constitute the essence of
tribology.
1.1

Historical background

There is little evidence of tribological practices in the early Stone Age, although we
may speculate that the first fire made by humans was created using the heat of friction.
In later times bearings held by hand or mouth were developed for drill spindles which
were used to bore holes and start fires. The bearings were often made of wood, antlers,
or bone, and could date to earlier than 4000 B.C. Among the earliest bearings were
door sockets, first constructed of wood or stone, and later lined with copper and
potter’s wheels, while lubricants were probably introduced.

N
Ff

Figure 1.1 Schematic view of Amontons’ friction law. N denotes the normal load and Ff represents
the friction force.

The basic laws of friction were first deduced correctly by Leonardo da Vinci in 1519,
but rediscovered by Amontons in 1699 (Dowson, 1979). The laws, depicted in Figure
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1.1 indicate that: (1) the frictional force Ff is proportional to the normal force N, and
the coefficient of friction μ = Ff/N is a constant in a given friction system, and (2)
friction is independent of the contact area between two given surfaces. This
observation was later verified by Coulomb in 1785. The main contribution of
Coulomb’s work was to distinguish between static friction and kinetic friction. Static
friction force is the force resisting sliding that needs to be conquered in order to
trigger the motion of sliding, whereas kinetic friction is independent of the sliding
speed, which is called the third law of friction. However, Coulomb thought incorrectly
that friction was only due to interlocking surface asperities and claimed that any
friction results in the asperities lifting over their counterparts on the other surface, and
that lifting consumes energy. He proposed that a lubricant could reduce friction by
filling in the gaps between the asperities. During the 19th century, many researchers
were also able to repeat Coulomb’s experimental results and accepted his roughness
theory of friction. However, there were 2 drawbacks with this theory: (1) It is difficult
to explain how the friction energy can be produced and dissipated, and (2) During
sliding, not all of the dissipated energy can be converted to heat.

Coulomb’s theory was modified by Vince who stated that the adhesion or cohesion
between the surfaces mainly contributed to friction. The effects of adhesion and
roughness were observed on some specific surfaces, but only adhesion was shown to
be the main factor that determines friction force; in fact this observation can explain
why static friction force is higher than kinetic friction force. In reality the molecular
adhesion between surfaces is caused by short range inter-molecular forces. When
surfaces are sliding past one another, the surface molecules are removed from their
equilibrium positions, and when that displacement exceeds a certain distance the
molecules return by vibrational motion to their equilibrium position. Nevertheless,
Vince’s theory cannot explain the material transitions such as wear, which are
generally observed when two surfaces experience dry sliding under a normal load.
Bowden and Tabor (1954) suggested that the predominant friction effect is a strong
adhesion between two surfaces at real contact points, such as the result of cold
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welding. When the surfaces are sliding on a surface, the junctions of real contact
points must shear or be sheared. They assumed that the friction force is the primary
force required to shear junctions but their theory could not explain that substantial
friction exists even in cases without wear.

It was not until the 1970’s that any significant progress was made. A surface force
apparatus (SFA) was developed to measure friction at the atomic scale, with which
Israelachvili (1994) observed the first direct evidence for wear-free friction.
Surfactant mono-layers were also studied, from which it was observed that they
exhibited different states such as solid-like, amorphous, or liquid-like. These 3 states
depend on the atmosphere, temperature, velocity or related parameters (Israelachvili
et al. 1994; Yoshizawa et al. 1993). Numerous experimental researches have been
conducted using new experimental tools, which opened the nanometer and atomic
scale to tribologists. Nanotribology (Krim et al. 1991) is concerned with experimental
and theoretical research ranging from atomic and molecular scale to micro-scale. In
macrotribology, surfaces with a large mass are usually under heavy loads which
inevitably cause wear, which is why the bulk properties of components dominate the
friction phenomena. In nanotribology, however, the friction systems tend to have a
light load so wear is negligible and the properties of the interface dominate the
friction phenomena.
1.2

The role of lubricant

Lubricant is used to reduce wear, lower friction, and remove heat, which means the
behaviour of sliding surfaces is affected and modified by the lubrication between
them. The scientific study of lubrication began when Reynolds discussed the
feasibility of a theoretical treatment of film lubrication. When the load is fully
supported by a fluid film, the surfaces are completely separated. This is generally
referred to as hydrodynamic lubrication (Reynolds, 1886). A recapitulative friction
diagram, shown in Figure 1.2, which distinguishes different lubrication regimes, was
first proposed by Stribeck in 1902, based on extensive experiments on lubricated
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journal bearings. The Stribeck diagram shows how the friction force or the coefficient
of friction is expected to vary with the sliding speed, depending on which type of
friction regime is operating.

Mixed

Elastohydrodynamic

Hydrodynamic

Friction Coefficient

Boundary

Velocity Viscosity
Load

Figure 1.2 Stribeck curve indicating different lubrication regimes: boundary, mixed,
elastohydrodynamic and hydrodynamic.

When the load is high and/or the speed is low, the hydrodynamic or hydrostatic
pressure may be unable to fully support the load, so the surfaces come into contact at
their asperities. The amount and extent of asperity contact depends on factors such as
surface roughness, fluid film pressure, normal load, hardness, and elasticity of the
asperities, etc. Many of the asperities undergo elastic deformation under the
contacting conditions so the normal load is supported by the asperities and a thin fluid
film. This condition is generally referred to as elastohydrodynamic lubrication (EHL)
(Dowson and Higginson, 1959). This theory assumes continuum mechanics and does
not consider the effects of wear or a third body such as wear debris. Apart from that,
no chemical effect between the asperity and the lubricant is considered either.

Any further increase in the contact pressure beyond the EHL conditions causes the
contacting asperities to deform plastically and the number of contact asperities
(contact area) to increase, as well as the thickness of the fluid film to decrease. At this

26

Chapter 1: Literature review

region the lubricant is no longer completely supporting the load, and the surfaces start
interacting at the asperity level, which causes an increase in friction as the number of
contact asperity increases. Hence, friction means the force to shear the lubricant and
the junctions between asperities. This condition is referred to as mixed lubrication.

Moreover, when the thickness of the average fluid film falls below the average
surface roughness, surface asperity contact effectively supports the load, which means
that wear, surface deformation, abrasion, adhesion, and fatigue will occur. Chemical
reactions between the lubricant molecules and the asperity surfaces due to frictional
heating, often produces a boundary chemical film which can be either beneficial or
detrimental in terms of wear. This combination of a load shared by the asperities and
the occurrence of chemical reactions constitutes a lubrication region commonly
referred to as the boundary lubrication (BL) region.

In practice, since the surfaces have a range of asperity height distributions, two
surfaces in contact produce a range of stresses that are distributed within the contact
zone, which makes it difficult to confirm whether the system is a pure EHL region or
a BL region. In reality there tends to be a mixed region because some asperities are in
a hydrodynamic mode, some are in EHL, and some are in BL mode. As wear occurs,
the surface topography changes, which eventually affects the contact area and the
distribution of asperity stress.
1.3

Friction and lubrication at nano-scale

Although the lubrication approximation comes from thin films, there is a limit to its
validity because when two separating surfaces are sliding with a lubricant whose
thickness is comparable to the molecular scale, the continuum assumption, one of the
basic assumptions of approximation, breaks down. In these instances the Reynolds
equation must be modified or replaced by other mathematical systems. From a
practical perspective, most surfaces in engineering applications are rougher than the
nanometer, so it is highly unlikely that an ideal molecular lubrication exists as a
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unique lubrication mode, but it is often present in sub-regions of mixed or boundary
contacts where particular effects such as lubricant solidification and viscosity
enhancement can emerge for molecularly confined films between interacting
asperities.
1.4

Experimental work

1.4.1

Nano-friction

Experiment research about frictional characteristics at the atomic-scale has been
conducted over the past three decades. Although frictional behaviour cannot be
generalised by a few factors such as normal load, surface roughness, sliding speed,
and the material properties of the tribological system, other conditions such as
temperature, humidity, and even sliding history that can affect the tribological
behaviour, tend to be more sensitive to the state of the outermost layer of the surface
region.

To understand nano-scale phenomena about friction and adhesion, many researchers
throughout the world carried out experiments to investigate the related factors that
probably affect friction. The characteristics of atomic scale friction between a sharp
tungsten tip and a graphite substrate were examined with an atomic force microscope
(AFM), and were first reported by Mate et al. (1987).Very small loads (< 10-4 N) were
used in this experiment, and the average coefficient of friction was found to be 0.012.
This experiment also demonstrated the stick-slip behaviour of atomic scale friction
with a period corresponding to the lattice constant of graphite. After this pioneering
work many other experimental works were carried out to assess the nature of
atomic-scale friction. Akamine et al. (1990) measured an AFM image of Au on a mica
surface and observed a saw tooth shaped stick-slip behaviour under a normal load of
10−7 N. Ruan and Bhushan (1994) used an AFM to investigate the effect of surface
roughness on the tribological characteristics of graphite using a Si3 N4 tip and found
that the coefficient of friction varied with respect to the roughness of the substrate.
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The coefficient of friction was below 0.01 and 0.03 for an RMS roughness of about
10 nm and 140 nm, respectively. This outcome was attributed to the loss of orientation
of the substrate with increasing roughness. Fujisawa et al. (1993) investigated the
atomic scale stick-slip motion between mica and Si3N4. They used different scanning
directions to reveal the effect of lattice orientation on vertical and lateral forces, and
also observed a vertical force shaped like a square wave and a lateral force shaped
like a saw tooth during the stick-slip motion of the tip.

Using AFM, Tambe and Bhushan (2004) studied the difference in frictional behaviour
with respect to scale and also reported that the coefficient of friction decreased with
the decrease in scale. The coefficient of friction of Si (111) in a macro-scale
experiment with a load of 1N was approximately 0.6, this value decreased by almost
10 times to 0.05 in a nano-scale experiment with a load of 1~15μN. This drastic
change in the coefficient of friction was due to the change in the mechanism of
friction as the contact condition was altered even for the same pair of material system.
The dependence of velocity on the frictional behaviour in nano-scale was also
reported (Tambe and Bhushan, 2005). Their research was carried out on various
materials such as single-crystal silicon (100) (with native oxide layer) and
polymers-poly(dimethysiloxane) (PDMS) and poly (methylmetyacrylate) (PMMA);
coatings

such

as

diamond-like

carbon

(DLC)

and

lubricants

such

as

perfluoropolyethers Z-DOL and Z-15 and self-assembled monolayer hexadecanethiol
(HDT). For bare silicon and Z-15 coating, frictional force dropped from 20nN to
15nN and 5nN to 3 nN, respectively, with increase in sliding velocity from 5 to 1000
μm/s due to the formation of meniscus. The meniscus force of bare silicon and Z-15
coated surface was caused by condensed water molecules and molecules of Z-15,
respectively, but at a speed higher than a critical value, the frictional force increased
because there was not enough time to form a meniscus at the asperity contact
junction.

Bhushan and Sundararajan (1998) investigated the effects of relative humidity and tip

29

Chapter 1: Literature review

radius on nano-friction behaviour. The primary purpose of changing the tip radius was
to vary the contact area in the friction experiments. Their results showed that the
coefficient of friction increased with the humidity and contact area. Using
micro-tribotester and AFM, Sung et al. (2003) carried out friction tests to investigate
the micro/nano frictional behaviour and reported that the contact angle between the
groove and the pin affected the frictional characteristics significantly. Indeed the high
contact angle caused a sudden increase in the frictional force due to the interlocking
mechanism. They also reported the effect of slope between the tip and the asperities
on the frictional behaviour. These works suggest that frictional behaviour at the
micro/nano scale is highly dependent on the surface structure and topography, and the
contact geometry between the tip and the surface, such as the area and orientation of
the contacting angle, significantly affects the frictional force.
1.4.2

Nano-lubrication

1.4.2.1 Solvation force
When a liquid is confined within a restricted space, for example, a very thin film
between two surfaces, it is not appropriate to consider the liquid film as a unstructured
continuum because the solid surface can alter the ordering inside the lubricant and
thereby leads to structural forces. Instead, an additional solvation force arises and
generally oscillates with distance, varying between attraction and repulsion with a
periodicity equal to the size of the liquid molecules (Horn and Israelachvili, 1981;
Christenson et al. 1987; Horn and Israelachvili, 1988; Israelachvili and Kott, 1988;
Gee et al. 1990).
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Figure 1.3 Measured forces between mica surfaces immersed in linear alkanes (solid curve) and
branched alkanes (dashed curve). The theoretical continuum van der Waals force is shown by the
dotted line. Data from Christenson et al. (1987).

As shown in Figure 1.3, the periodicity of the oscillations indicates that the molecules
align with their long axis preferentially parallel to the surfaces (refer to the schematic
view in the upper insert). These forces arise from the confining effect of two surfaces
on the liquid molecules. The surfaces force them to order into quasi-discrete layers
which are energetically or entropically favoured. These oscillatory forces do not need
any attractive liquid-liquid or liquid-solid interaction, they only need two hard walls
confining the molecules whose shapes are not too irregular and the confined fluid can
exchange with molecules in the bulk reservoir. This effect is quite general and arises
with all simple liquids that are confined between two smooth surfaces, either flat or
curved. However, the smooth, non-oscillatory force law exhibited by irregularly
shaped (branched) alkanes, as shown in the schematic view in the lower insert, has
revealed that branched molecules cannot be ordered into quasi-discrete layers
(Christenson et al. 1987). From the literature, the study of solvation force between
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two atomic flat surfaces was conducted with different liquids, i.e., linear (Christenson
et al., 1987) and branched n-alkanes (Gee et al., 1990), polar (Christenson and Horn,
1983) and non-polar liquids (Horn and Israelachvili, 1981; Christenson, 1983 and
1986), aqueous (Israelachvili and McGuiggan, 1988) and nonaqueous liquids
(Christenson and Horn, 1985), polymer solutions (Klein, 1986), and others. The main
conclusion is that irregularly shaped chain molecules with side groups or branching
cannot exhibit an ordering structure, and therefore the force law is monotonic, not
oscillatory. Similar non-oscillatory forces were also observed between rough surfaces,
even when they interacted across a saturated linear chain liquid. This occurred
because the irregularly shaped surfaces prevented the liquid molecules from ordering
themselves in the gap. Moreover, surface structures such as lattice constants for upper
and lower surfaces, are as important as the properties of liquid in terms of determining
the solvation force. This is because completely smooth surface only results in the
ordering structure that is normal to the surfaces without any explicit structure within
the layers. However, when surfaces have a crystalline lattice, an in-plane ordering
could be induced, which would strengthen the adhesion energy between the surfaces
(McGuiggan and Israelachvili, 1990). Besides, the short range oscillatory solvation
force is insensitive to polarity or temperature. Indeed, the measured force for polar
liquid such as methanol and water is similar to non-polar liquids in terms of
periodicity, magnitude, and range. This is because the solvation force does not depend
on temperature and it does not change on going through the melting temperature of
liquid. However, water has a significant effect on the solvation force between two
hydrophilic surfaces with a nonpolar liquid, mainly because the adsorption of water
disturbs the ordering structure of non-polar molecules near the surfaces, which shifts
the oscillatory force curve to lower, more adhesive, energies.
1.4.2.2 Nano-rheology
Experiments have proved that when the film thickness becomes thinner, the properties
of the liquid film change dramatically, at first quantitatively then qualitatively. An
enhancement in viscosity and the non-Newtonian flow behaviour could be observed,
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although the film sometimes remains recognizable as a liquid. When the confinement
and load are increased further, the system enters into the boundary lubrication region
where changes in behaviour are more dramatic and there are qualitative changes in
properties.

The first study of the dynamic oscillatory shear response of ultra-thin liquid films was
carried out by Alsten and Granick (1988). In their restricted geometry, the apparent
viscosity was always larger than the bulk liquid (Figure 1.4). When the film reached
2.4 nm thick, a parallel plate geometry was reached and the apparent viscosity at this
point was already larger than the bulk hexadecane. When the film thickness of
hexadecane was smaller than its contour length of 2.3 nm, a remarkable enhancement
occurred to the apparent viscosity. In this range of separation, the film thickness was
an integral multiple of 0.4 nm (molecular diameter). From 6 to 14 MPa, a film with
two molecules thick was formed, and more importantly there was a strong
dependence of apparent viscosity on pressure, and the largest value was 4 orders of
magnitude larger than the bulk hexadecane. Both pressure and film thickness
determine this enhancement, which contrasts with an early experimental observation
that the dynamic fiction was quantized according to film thickness only (Israelachvili
et al., 1988).
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Figure 1.4 Apparent dynamic shear viscosity of hexadecane plotted against pressure in the normal
direction. Numbers specify film thickness. Amplitude of oscillation: 20 nm (squares) or 100 nm
(circles). Data from Alsten and Granick (1988).

Liquid films between 6 and 10 molecular diameters thick can still remain recognisable
as fluids, although they are significantly different from bulk films. Non-Newtonian
flow behaviour has been observed from simple liquids in the 2.5 to 5.0 nm while
polymer melts have shown the same behaviour at much thicker films, depending on
their molecular weight (Granick, 1991; Hu et al., 1991). A non-Newtonian variation of
effective viscosity with shear rate was observed. Specifically, viscosity decay with the
shearing velocity is plotted in Figure 1.5. This decay is characterised by a power law
of eff    n with n in the range of 1/2 to 1 being most commonly observed. As the
shear rate increases further, a second Newtonian plateau (bulk) is encountered, see
Figure 1.6.

34

Chapter 1: Literature review

3
-2/3
2

log

eff

(poise)

4

1

0
1

0

2

3
log

eff

4

5

6

(sec-1)

Figure 1.5 Log-log representations of changes in the effective viscosity as a function of shear rate
for 2.7 nm dodecane (circles) and OMCTS (triangles) films. Open symbols: amplitude varied at
constant frequency. Solid symbols: frequency varied at constant amplitude. Date from Hu et al.
(1991).
105
Tribological Results
(D=10 nm)
L= 1-200 mN

4

Effective Viscosity,

(Pa.s)

10

103

102

180 nm

1

10

30 nm

10 nm

buld
10-0

250 nm

10-1
-1

0

1

4
2
3
Shear rate, (S-1)

5

6

Figure 1.6 Effect viscosity plotted against effective shear rate on log-long scales for polybutadiene
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obtained from friction experiments at constant sliding velocities. These tribological results
extrapolate, at high shear rate, to the bulk viscosity. Data from Luengo et al. (1997).
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1.4.2.3 Liquid to solid and stick-slip motion
The molecules confined within ultra-thin films become ordered into layers, and within
each layer there can also be lateral order. Such films may be thought of as behaving
more like a liquid crystal or a solid than a liquid. Both experiments (Israelachvili et al.,
1988; Alsten and Granick, 1990; Gee et al, 1990; Demirel and Granick, 1996;) and
theory (Thompson et al, 1992; Schoen et al., 1995) indicated that even when two
surfaces are in steady-state sliding the lubrication molecules prefer to remain in one of
their stable potential energy minima. In other words, a sheared film of liquid can
retain its basic layered structure, which means the flow does not become totally
liquid-like, even during sliding. Indeed, a reversible transition to a solid-like state
occurs when confined in small geometry. This state is characterised by an elastic
response of the confined film to shear, i.e. it will exhibit a yield point before it begins
to flow. Such films can therefore sustain a finite shear stress under a finite normal
load. Sliding can only be initiated if a critical shear stress is surpassed (stick-slip
motion). The value of the yield stress depends on the number of layers comprising the
film.
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Figure 1.7 Measured shear forces during interlayer transitions of OMCTS. In the system, the shear
stress Sc = F/A, was found to be constant so long as the number of layers n remained constant.
The shear stresses are only weakly dependent on the sliding velocity v. However, for sliding
velocities above some critical value vc, the stick-slip disappears and sliding proceeds smoothly in
the purely kinetic value. Data from Gee et al. (1990).
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A typical experimental result of the friction force measured as a function of time
between two molecularly smooth mica surfaces separated by three molecular layers of
the liquid OMCTS is shown in Figure 1.7 (Gee et al., 1990). Here the friction force
increased to higher values in a quantised way when the number of layers fell from
n=3 to n=2 and then to n=1.
1.5

Numerical simulation of nano-friction and nano-lubrication

Molecular simulation has been experiencing an enormous amount of development
over the last three decades, because not does it act as a means of supplementing
experimental studies, it is a powerful tool for gaining a unique insight into the
relevant processes. Indeed, simulations allow well-defined systems to be studied
under a variety of conditions that may be difficult or even impossible to examine in
real laboratory experiments. As such, simulations in nano-scale have shed a lot of
light on fundamental aspects of friction, and in some cases have even overturned
conventional wisdom regarding the origins of friction.

Among these numerical simulations, the nature of problems (scale and size) has
resulted in three main types of models: analytic models, molecular dynamics (MD)
simulation, and first principles theory. Although analytic models have a long history
(Tomlinson, 1929; Frenkel and Kontorova, 1938) and are still being studied in friction
(Sokoloff, 1984 and 1992; Persson et al., 1991), their drawbacks are also obvious.
Specifically, a typical frictional behaviour with complicated motions is usually
divided into several basic components that are defined by quantities such as spring
constants, the curvature and magnitude of potential wells, and bulk phenomenon
frequencies, all of which are likely to be based on simple assumptions. This means
that unanticipated defect structures which may strongly influence friction and wear
even at the atomic level may be overlooked, whereas models based on first principles
theory (Zhong and Tomanek, 1990) are free of parameters and have produced
consistently reliable results for complex frictional phenomena. However, these models
are restricted to a very small system, which limits their application to a relatively
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large surface contact model.

Molecular dynamic simulation, based on empirical inter-atomic potentials (Ryckaert
and Bellemans, 1978; Daw and Baskes, 1984; Paul et al., 1995), represents a
compromise between analytic models and experiments. Due to the importance of
inter-atomic potentials, one major concern in MD simulation is the availability of
accurate inter-atomic potentials to describe the dynamic behaviour when two surfaces
are in contact, and to simulate the interaction between confined liquid and solid
surfaces. Although there are numerous reliable force fields, choosing one requires
much consideration because they are generally parameterised to fit a given range of
experimental data. Usually, simulation models do not consider the breaking or
formation of chemical bonds because all the bonds are set at the beginning of the
simulation and are only modelled by a harmonic spring. As a result, some interesting
topics like wear will not be discussed very well through simple force fields. Recently,
several groups (Van Duin et al., 2001; Mueller et al., 2010; Liang et al., 2012) have
developed a so-called reactive potential for a small number of atomic species.
Unfortunately, models with these potentials need a long simulation time, which limits
their application in nano-friction and nano-lubrication at a relatively large scale.

The remainder of this chapter presents a review of the results from MD simulations
related to surface contact and lubrication at atomic scale. The review is classified in
three categories: dry contact, confined thin film, and lubricated surface contact.
1.5.1

Dry contact

1.5.1.1 Single asperity contact
Friction is usually generated between asperities making contact on two surfaces.
These contacts typically have diameters at the micron scale or large scale, which is
much larger than atomic scale, so some of the above models may give an insight into
their behaviour within a representative portion of these contacts. The goal, however, is
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to determine how a finite contact area and surface roughness affects friction.
Numerical studies of atomic scale asperities can address these issues, as well as
providing direct models of the small contact, such as AFM tips.

Early simulation of single asperity contact has given a good understanding of the
details of AFM experiments. Landman et al. (1992) conducted several simulations
using samples of Ni and Au to understand the jump-to-contact phenomenon, and
demonstrated materials transfer between the sample and the tip. Their results showed
that the jump-to-contact-phenomenon can affect the ultimate separation between tip
and sample, thus limiting the resolution of scanning probe techniques. More
importantly, these studies pointed out that continuum theories are limited due to the
absence of atomic level attractive forces with a small separation. In the same series of
their papers (Landman et al., 1989; Landman and Luedtke, 1991), stick-slip motion
was also observed in load-controlled simulations with Si tips on Si sample.

z [100]
y [011]

x [011]

Figure 1.8 Snapshots showing the evolution of a Cu (100) tip on a Cu (100) substrate during
sliding. Data from Sorensen et al. (1996).
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The contact and sliding between the tip and bare metal substrate were also studied by
Sorensen et al. (1996). Flat tips of Cu with (111) or (100) surfaces were brought into
contact with corresponding crystalline substrates, as shown in Figure 1.8. Atomic
scale stick-slip motion was observed for the sliding between matching surfaces and
for cases of small contact with interfacial mismatch, but for sliding between large
non-matching atomically flat surfaces, it vanished.

Wear is another important topic in atomistic simulations of tribology. A distinct
necking of material from the sample during tip retraction was discovered by Landman
et al. (1992) with an observation that material transfer between the sample and the tip
occurred. Similar results were observed by Nieminen et al (1992) and Sorensen et al.
(1996). The main conclusions from both papers are similar: when two commensurate
surfaces with strong interactions are slid against each other, wear occurs through the
formation of dislocations that nucleate at the corners of the moving interface.

More recently, a friction simulation of bare surfaces has been conducted with
spherical diamond tips of approximately 2000 atoms in size sliding on diamond (001)
and (111) surfaces (Gao et al., 2007). Friction was found to vary linearly with load,
unlike concurrent experiments reported in the same paper. The experimental data was
approximated very well by the Maugis-Dugdale model (Maugis, 1992), and the
authors suggested that the most likely source of difference between MD and
experiment was due to the difference in tip radii.
1.5.1.2 Multi-asperity contact
The friction and adhesion forces between two surfaces are determined by the
interactions between surface atoms, but because most surfaces are rough, surface
atoms are only close enough to contact at prominent peaks or asperities, thereby both
experimentally (Dieterich and Kilgore, 1994; Berthoud and Baumberger, 1998) and
theoretically (Greenwood, 1984; Greenwood and Wu, 2001; Persson, 2001) observed
a much smaller contact area, A, than the projected area, A0. Greenwood and
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Williamson (1966) observed an almost linear relationship between normal load and
contact area for surface asperities with different height but uniform radius. Similar
result was also obtained by Bush et al. (1975) through an extended model with both a
distribution of radii and asperities. In other words, the explicit probability
distributions for peaks were considered, and the total contact area was calculated by
summing the Hertzian contact areas at each peak. However, these models ignored the
correlations between peaks, which is unfavorable to deal with the severe plastic
deformation. Moreover, the experimental studies (Krim and Palasantzas, 1995;
Bouchaud E., 1997) showed that real surfaces often have a self-affine fractal character,
that is, there are smaller asperities on top of larger asperities. Persson (2001)
developed a scaling approach that included roughness on all length scales. In this
model, scaling the stress and contact area with the length scale was resolved, but there
is no obvious difference in the contact area from earlier work by Bush et al. (1975).
The correlation between asperities can solved very well by finite element analysis of
elastic (Hyun et al, 2004) and plastic (Pei et al., 2005; Sahoo and Ghosh, 2007)
deformations. One main observation is that the contact area rises linearly with load.
This linear relationship breaks down (becomes non-linear) when there are not enough
statistical contact points, such as smooth surface profile (Sahoo and Ghosh, 2007), or
the contact area is so large that it cannot increase.

MD simulations can model the detailed contact condition at interfaces. More
importantly, atomic surface roughness has been found to exhibit a dramatic effect on
the contact area and stress at atomic asperity contact (Luan and Robbins, 2005 and
2006; Mo and Szlufarska, 2010). Approximating a spherical surface by three atomic
surfaces (bent crystalline, amorphous, and stepped) introduces some surface
roughness, which observed that tips with longer wavelength (amorphous and stepped)
have a greater effect on the contact. Specifically, a lower central pressure and wider
contact radius have been observed for non-adhesive interactions. Later, Mo et al.
(2009) carried out a MD simulation of SFM experiment with amorphous tips and
diamond samples (both terminated with hydrogen). The contact area is defined by the
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number of atoms that are chemically interacting between the tips and the sample. The
main conclusion is that there is a so-called multi-asperity contact that results in a
breakdown of the continuum theory. However, the term multi-asperity here only
means that some atoms at the outer most layer are not engaged in the contact and
therefore the surface roughness is quite small.

Until recently, deformable surfaces with atomic roughness were brought into the MD
simulation to investigate the multi-asperity contact under loading and sliding (Delogu,
2010; Kim and Strachan, 2010; Spijker et al., 2011 and 2012). Kim and Strachan
(2010) used platinum surfaces with nano-scale asperities to characterise the tensile
strength of contacts. Both commensurate contacts between (001) and (111) surfaces
and incommensurate (001) surfaces were discussed over a wide range of asperity sizes,
and the results showed that the strength of nano-scale contacts depended on their size.
Apart from that, although the strength of the initial contact between fresh,
incommensurate surfaces was smaller than the commensurate counterparts, plastic
deformation at the asperities resulted in identical strengths for the commensurate and
incommensurate cases. However, because the shape of the asperity in this work was
described by a sinusoidal profile, it is hard to draw a general observation about the
contact behaviour in terms of contact area and local stress, so it cannot be applied as a
conclusion to real surface contact. Moreover, there is no sliding between metal to
metal surfaces so the surface topography remains almost the same before and after
contact, although some small deformation may occur at the top of the asperities.

Spijker et al. (2012) introduced a 3D self-affine roughness onto the deformable metal
surfaces. Surfaces with a roughness of 0.2, 0.5, and 1.0 nm and with strong and weak
surface adhesion forces were brought under different normal loads. The results
showed that the normal load, surface roughness, and adhesion force determined the
contact area. The contact area increased as the load increased, and the distribution of
surface stress shifted into a negative interval (tensile pressures). This observation was
totally different from the work of (Campana et al., 2008; Mo and Szlufarska, 2010;
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Mo et al. 2009) because their model omitted the adhesion force.

In reality, it is the sliding between two rough surfaces that is probably one of the most
interesting cases should be studied. Therefore, Spijker et al. (2011) carried out a dry
sliding between rough surfaces. Due to the small simulation size, surfaces repetitively
slid past each other, resulting in a periodic friction force. During sliding, atomic scale
asperities are very unstable and are easily flatted. However, the flatted surface is not
completed, and it seems like flat surfaces with holes in it, as shown in Figure 1.9.

Figure 1.9 Schematic representation of the flattening of a rough surface. The original surface is
flatted at the final sliding plane (which is above the average height), and the material is displaced
in the sliding direction. The valleys are not filled from the bottom but become a little less wide
instead. Data from Spijker et al. (2011).

In dry sliding, whether the system is in sliding equilibrium or not depends on the
surface contact in such a way that the asperities can provide enough contact to support
the load. Insufficient support causes further surface flattening until they can fully
support the load at equilibrium.
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1.5.1.3 Definition of contact area
One of the key parameters in surface contact is the contact area. In continuum models
the real contact area increases linearly with load for non-adhesive surfaces. This linear
relationship and the assumption of a constant shear stress explain the relationship
between friction and load in many experiments (Bowden and Tabor, 1954). However,
the discreteness at atomic surfaces may lead to a dramatic deviation from continuum
theory in terms of contact area and stress. Luan and Robbins (2005 and 2006)
observed that the contact area may be changed by a factor of two. Simulations of the
contact between a bear diamond sample and an amorphous surface, both terminated
with hydrogen (Mo et al., 2009), showed that the number of contacting atoms grew
linearly with the applied load. When the substrate was covered with a thin surfactant,
the contact area was broadened due to the compliance of the surfactant layer, and
most of the normal force was carried by only 10% of the atoms (Knippenberg et al,
2008).

As for the importance of the contact area at atomic scale, several methods have been
developed by researchers. The mere presence of an interaction between surface atoms
was not enough because attractive van der Waals interactions extended the interaction
to a large scale. Therefore, one common method to calculate the contact area is that
whether two atoms are under contact or not depends on the onset of direction
repulsion between atoms (Mo and Szlufarska, 2010; Mo et al., 2009). Others (Spijker
et al., 2012) used a similar method to define a finite separation beyond which two
atoms are treated as a non-contact pair, because the attractive force, such as LJ
potential, decays dramatically when atoms are separated with several atomics
diameters.
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Figure 1.10 Definition of contact area. Red circles represent sample atoms within the range of
chemical interaction from tip atoms. Contact area per atom Aat is represented by grey hexagons.
Real contact Areal is the sum of the areas of hexagons. The contact area Aasp of an asperity is
enclosed by the edge (solid line) of the contact zone. Data from Mo et al. (2009).

One typical view of the contact area between the tip and sample is shown in Figure
1.10. A real contact area is defined to be Areal = Nat×Aat, where Nat is the number of
surface sample atoms within the range of chemical interaction at the interface and Aat
is the average surface area per atom. The contact area is then defined as the area
enclosed by a convex hull around the atoms in contact, as shown by the solid line in
Figure 1.10. However, this definition is very sensitive to the precise atomic structure
of the tip and substrate (Luan and Robbins, 2005), and thermal fluctuation can have a
significant effect on this definition (Cheng and Robbins, 2010; Cheng et al., 2010).

More recently, a novel method based on the smooth particle method (SPM) was
introduced to calculate the contact area and visualise the dynamic process of asperity
to asperity contact (Eder et al., 2011 and 2014), as shown in Figure 1.11. After
comparing the post-processing data and original MD data, this method was validated
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and could be extended to current MD results when it is difficult to analyse atomic
behaviour with discrete representation.

Figure 1.11 Calculation of contact area. The green curve bounds the contact area. Data from Eder
et al. (2014).

1.5.2

Confined thin film

Numerous experiments have shown that the confined thin film between solid surfaces
has completely different properties when the film thickness decreases (Horn and
Israelachvili, 1981; Chan and Horn, 1985; Gee et al., 1990). Although hydrodynamics
and elastodydrodynamics have successfully described lubrication for micro-thick
films (Dowson and Higginson, 1959), these continuum theories begin to break down
when the thickness of the liquid approaches the thickness of only a few molecular
diameters. MD simulations of confined thin film over the last few decades have
helped people to understand the unique phenomena in this area. These simulations
have revealed a number of new phenomena, several of which have explained
experimental observations pertaining to the behaviour of confined films. Films of
various lubricant types, such as spherical molecules, straight-chain alkanes, and
branched alkanes confined between solid parallel walls have been examined. In the
following section a review of the simulation of confined thin film is classified into
two categories: liquid structure, and thin film under shear.
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1.5.2.1 Liquid structure
When a simple fluid such as small spherical molecules is confined between solid
walls, both simulations through Monte Carlo method (Schoen et al., 1987) and
Molecular Dynamics (Bitsanis et al., 1987; Thompson and Robbins, 1990b; Sokol et
al., 1992, Diestler et al., 1993) revealed that the fluid formed a well-defined layering
structure that is normal to wall surfaces. A plot of the density distribution across the
film thickness is usually used to demonstrate this ordering of liquid, as shown in
Figure 1.12.
2

(a)

εwf = 0.4ε

(b)

εwf = 4ε

(c)

εwf = 4ε

ρ (z) σ -3

0

2

0
4

2

0

εwf = 4ε

(d)

Pxz / ε σ

-3

1

0
-5

0

5

z/σ
Figure 1.12 Density profile normal to the wall surfaces (a)-(c) and the xz component (Pxz) of the
microscopic pressure-stress tensor. The liquid-solid interaction varies from weak and strong, see
the indicated εwf and the wall density (ρw) is equal to the liquid (ρ) except in (c) where ρw =2.25 ρ.
The solid line in (d) represents Pxz averaged within the fluid layers. All quantities have been
normalized using the appropriate variables so that they are dimensionless. Data from Thompson
and Robbins (1990b).
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Thompson and Robbins (1990b) used MD simulations to systematically examine the
structure of LJ liquids confined between two solid walls that consisted of (001) planes
of fcc lattice. By examining different liquid-solid interactions, and the wall density
and stiffness, it was found that the magnitude of density oscillation depended on the
liquid-solid interaction. Moreover, the interval between each layer depended on the
competition between the solid lattice constant and the molecular spacing of the fluid.
In fact, this competition not only determined the amplitude of the oscillations, but also
the location of the layers. When the wall density was close to that of fluid, the layers
were likely to shift more towards the wall, while with an increase of wall density the
layers did not change their positions significantly. Later, Cui et al. (1999) also studied
the effect of wall-fluid interaction on the state conditions and the effective properties
of the fluid, and found there was a significant enhancement of the layering structure
with a strong wall-fluid interaction. A surface scanning method was recently
developed by Berro et al. (2010) to quantitatively measure the adsorption and
corrugation potentials of surfaces. They used a set of scanning atoms positioned some
distance above the sample surface, and when the scanning atoms were moved, the
potential energy was recorded. Then with the data points, a so-called adsorption was
calculated to investigate the surface strength of different types of surfaces (Savio et al.,
2012), which observed that the maximum-to-average density ratio was clearly an
increasing function of the adsorption parameter. Surfaces with stronger adsorption can
attract more fluid atoms, and the density peak in the first layer is larger. With this
method the effect of surface parameters such as wall density, lattice constant,
liquid-solid interaction etc. could possibly be analysed with the surface
characterization method.

Except for layering structure normal to wall surfaces, in-plane (epitaxial) order has
also been observed inside the formed layers in confined LJ films between crystalline
surfaces (Thompson and Robbins, 1990b). When confined by surfaces with weak
liquid-solid interaction, the self-diffusion within the first layer is the same as in bulk
liquid. In other words, although the solid surface induces order in the adjacent liquid
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layer, as shown in Figure 1.13, this layer is not crystallised, so increasing the strength
of liquid-solid interaction results in epitaxial locking of the first liquid layer to the
solid. When the densities of surfaces and liquid are equal, the first layer is crystallized
and the in-plane ordering extended to the third layer.
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Figure 1.13 Particle positions, projected on to the xy plane, of atoms in a wall layer (open squared)
and adjacent fluid layer (solid circles). Data from Thompson and Robbins (1990b).

Linear chain molecules have also been widely used as model liquid by many groups
(Ribarsky and Landman, 1992; Koike and Yoneya, 1998; Cui et al., 1999). Compared
to ideal LJ fluids, the density profile of chain molecules becomes softer and the
layering structure decays faster towards the inner liquid. With alkane liquid,
oscillation in the density profile has a characteristic interval of 0.4 nm, which
corresponds to the molecular width of the alkane chain. The layering structure
disappears at a distance comparable to the molecular length. The effect of chain
length on density profile, as studied by Koike and Yoneya (1998), showed that longer
chain alkanes (C80) have sharper density peaks than shorter chain alkanes (C6 and
C20), as shown in Figure 1.14. More importantly, branched molecules were observed
with a more significant effect (Wang et al., 1994; Jabbarzadeh et al. 2002 and 2003;
Berro, 2010). As shown in Figure 1.15, the layering structure of branched decane
decays faster at a close distance from surfaces compared to linear decane.
Jabbarzadeh et al. (2002 and 2003) also found that as the degree of branching
increases the layering effect near the walls becomes weak and the number of layers
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also decreases.
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Figure 1.14 Density profile across confined films of n-alkanes with different chain length. Data
from Koike and Yoneya (1998).

Surface roughness also has a significant effect on the layering structure (Gao et al.
2000; Jabbarzadeh et al. 2000); even confined by a small atomic surface roughness,
the normal layering structure across film thickness is frustrated near the surfaces.
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Figure 1.15 Density profile across confined films of linear decane and branched decane. Data from
Berro (2010).

1.5.2.2 Thin film under shear
The behaviour of thin film under shear is important for nano-lubrication. At
nano-scale the effective shear viscosity of a confined film increases by several orders
of magnitude. This rheological transition has been observed for many model liquids,
including spherical molecules (Thompson et al., 1992) and linear alkanes
(Jabbarzadeh et al., 2006 and 2007).

Thompson et al. (1992) discussed the effect of film thickness and normal pressure on
the enhancement of effective shear viscosity, as shown in Figure 1.16. Under a
constant pressure, the viscosity of films that were six to eight molecular diameters, ml,
thick was approximately the same as bulk systems, which showed that the film
exhibits bulk-like dynamics down to wall separations of ~6 molecular diameters.
However, when the thickness of the film was reduced, the viscosity of the film
increased dramatically, particularly at low shear rates, which is consistent with the
experimental observation shown in Figure 1.5. For example, when the film thickness
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ml=2, the viscosity increased by a least 2 orders of magnitude over their bulk values;
this was attributed to a glassy phase transition due to confinement. Viscosity as a
function of shear rate under different pressures was also discussed, as shown in Figure
1.16b, where it can be seen that the effective viscosity increased significantly with
pressure. Moreover, increasing the shear rate resulted in a decrease of effective
viscosity (shear thinning), which can be described by the power law of

with

n in the range between 1/2 and 1 as observed by MD simulations (Stevens et al., 1997;
Balasundaram et al., 1999, Jabbarzadeh et al. 1998).
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1.16 Dependence of effective viscosity on the shear rate. (a) under a constant pressure but with
different film thickness; (b) under different pressures but with a constant film thickness. The
dashed line has a slope of -2/3. Data from Thompson et al. (1992).
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For thin film under shear, interfacial slip is another important area in nano-lubrication.
A classic observation in fluid dynamics is the non-slip condition, i.e., the interfacial
fluid has the same speed as the sliding surfaces. However, experimental results (Zhu
and Granick, 2001; Neto et al., 2005) showed that the non-slip condition becomes
invalid in small-scale flows, and MD simulations of sheared thin film revealed that
whether the first layer exhibits a slip or no-slip condition depends on many factors,
including liquid-solid interaction (Thompson and Robbins, 1990b), surface
topography (Gao et al. 2000; Jabbarzadeh et al., 2000; Chen et al., 2012) and the level
of confinement (Heinbuch and Fischer, 1989; Savio et al., 2013), etc.

The effect of liquid-solid interaction and density commensurability on interfacial slip
has been discussed in detail by Thompson and Robbins (1990b). Figure 1.17 shows
that flow near solid boundaries is strongly dependent on the strength of the
liquid-solid interaction and on wall density. Even with a low liquid-solid interaction
(Figure 1.17a), commensurate fluids show a no-slip condition, while increasing the
liquid-solid interaction results in curved profiles. Figure 1.17c shows that the first and
second layers were firmly sticking to the solid wall, implying that they are locked to
the surfaces. However, when the densities of the wall and fluid are unequal
(incommensurate), interfacial slip occurs to weak liquid-solid interaction (Figure
1.17a) or inner layer slip begins at the second layer (Figure 1.17c).

Apart from an atomic flat surface, surface roughness is another prominent factor
affecting interfacial slip. Even confined by surfaces with an RMS at 0.11 nm, surface
corrugation significantly frustrates interfacial slip (Gao et al. 2000). Besides, the
molecular structure of fluid exhibits a strong relationship to interfacial slip, which
means the long chain molecules such as n-alkanes observed the interfacial slip (Koike
and Yoneya, 1998) and the branched molecules increased the slip further (Jabbarzadeh
et al., 2002).

More recently, the effect of a small amount of additives on thin film lubrication has
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been discussed by Berro et al. (2010). A base lubricant n-alkanes mixed with 5% mass
concentration of ZDDP molecules was brought into the confinement of Fe2O3 surfaces.
At shearing equilibrium, these polar additive molecules were completely adsorbed
into the oxide surfaces due to electrostatic interaction. These adsorbed polar
molecules actually increased the effective molecular corrugation of the surfaces,
which resulted in a decrease of interface slip.
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Figure 1.17.Velocity profiles across the film thickness. Squares indicate average of Vx within layers
and solid lines are fifth-order polynomial fits through these values. The dotted lines in (b)
represent the flow expected from hydrodynamics with a no-slip boundary condition while the
dashed line in (c) means the slope of the fit at z=0, which is used to defile Ls (slip length).Data
from Thompson and Robbins (1990b).
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1.5.3

Lubricated surface contact

In the boundary lubrication region, asperities are totally separated by the confined
lubrication, which is actually like the confined thin film discussed in previous section.
However, under external pressure and sliding many asperities experience surface
contact, both elastically and plastically, so the confined lubricant may be squeezed out
from the contacting interface, which finally results in severe surface contact (wear).
Through MD simulation, researchers have carried out numerous models to enhance
the understanding of the contact between lubricated atomic asperities. Of these
models, some focus on the dynamics of lubricant squeezing out while others look at
the nano-aspeirt contact with lubricant.
1.5.3.1 Squeezing lubricant to surface contact
It can be seen from a previous review that a good understanding of full film
lubrication (more than 4 layers of fluid) has been achieved, but very little work has
been done on the transition from full film lubrication to the break of the last layer (dry
contact). In fact, it is this dynamic process that represents the occurrence of wear
during surface contact.

Regarding the atomic flat surfaces with different film thickness, Gao et al. (1997a;
1997b; 1997c; 2000) observed a step-like reduction in the film thickness. A similar
behaviour was also observed by Savio et al. (2013), as shown in Figure 1.18 where
the steps become more marked as nC (the quantity of n-hexadecane) decreases. This is
because the ordering response from the surface potential on the fluid becomes
stronger due to the small confinement, which results in a significant deviation from
bulk properties. On the other hand, for high nC values the fluid remains compressing,
thereby exhibiting a smoother variation. Besides, rough surfaces were also brought
into contact when the thickness reduced, but no further asperity contact was discussed
in their work.
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Figure 1.18 Surface separation as a function of nC (the quantity of n-hexadecane in the contact of
smooth Fe2O3 walls). Data from Savio et al. (2013).
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Figure 1.19 The wear scar diameter as a function of the molecule length of a number of linear
alkanes. Squares represent data from Wei et al. (1999) and circles mean data from Sivebaek et al.
(2003). Dotted and solid lines are the linear fit for these two results, respectively.

The squeeze out of fluid at the contacting interface with and without sliding was
investigated by Persson et al. (2002) and Sivebaek et al. (2003). They first conducted
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an experiment on the wear scar diameter with n-alkanes of different chain lengths, and
then compared the experimental results from Wei et al. (1999), which found that the
diameter of the wear scar decreases with increasing length alkanes, as shown in
Figure 1.19. The difference between these experiments was due to the test conditions,
but the main trend is the same.

Sivebaek et al. (2003) were inspired by this observation and carried out MD
simulations of the squeeze-out of layers of lubricant between curved surfaces. The
effect of chain length on the squeeze-out was studied, see Figure 1.20. Each jump in
the pressure curves corresponds to a layering transition indicated by n -> n-1 in the
figure. Negative pressure was seen first for the start of compression and squeeze-out
of the first three monolayers. The former was due to the capillary attraction between
the curved and substrate surfaces, and the latter because the elastic surfaces
rebounded, during which the accumulated pressure of squeeze-out was released. This
rebounding was attributed to the small block size in MD simulation, i.e., the negative
pressure was very small for a macroscopic solid. More importantly, the longer alkanes
are better boundary lubricants than the shorter ones. In Figure 1.20, the last layer of
longer molecules was squeezed out at higher pressures and at smaller distances.

Sivebaek et al. (2003) also calculated the atom number of the last layer in the contact
region, as shown in Figure 1.21, where the atomic density in the contact region
increased with the chain length. There was also no obvious difference between pure
squeezing and the combination of squeezing and sliding because the pining effect
with incommensurate surfaces was weak. However, commensurate surfaces exhibited
a strong pinned structure that could not be removed by squeezing alone (Persson and
Ballone, 2000), so they concluded that more atoms trapped in the contact zone were
responsible for the smaller diameter wear scar, not the viscosity. The molecular
branch was also investigated in a series of their paper (Tartaglino et al., 2006) with an
observation that the last layers of isobutene were squeezed out before those of
n-butane.
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Figure 1.20 The variation of the average pressure during squeezing as the top surface (curved)
moves a distance of 2 nm towards the flat substrate. The n -> n-1 layering transitions are shown
for three systems: propane, octane and tetradecane. Data from Sivebaek et al. (2003).
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Figure 1.21 The number of alkane carbon atoms in the contact section as a function of the length
of the alkane. Only one correlation line is drawn as the squeezing and the combined squeezing
and sliding cases are not significantly different. Data from Sivebaek et al. (2003).
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1.5.3.2 Lubricated asperity contact
Squeezing-out could explain the dynamic behaviour before direct asperity contact, but
it is still necessary to extend the MD simulation to direct asperity contact with the
lubricant. Beginning with lubricated single asperity contact, more interesting
phenomena emerged. Gao et al. (1995) carried out an MD simulation of non-uniform
lubricated junctions, and by varying the amount of lubricant (the number of
hexadecane molecules), three lubricated systems were studied: asperity fully
separated, asperity near-overlap, and asperity overlap. Due to the constant film
thickness, a large densification and pressurization of the lubricant in the inter-asperity
region occurred for the near-overlap system, which resulted in a dramatic variation in
friction force and normal force, see Figure 1.22. Similar results were obtained for the
asperity overlap case with even larger magnitudes. This occurred because the
lubricant molecules had completely drained when the sliding asperities passed over
each other, leading to the formation of an intermetallic connective junction. This
junction was sheared and eventually broke with continued sliding, resulting in the
transfer of some metal atoms. More recently, lubricated single-asperity contact was
also investigated by Eder et al. (2011), where three different 3D single asperity shapes
were brought into contact. The term 3D means that when the asperities make full
contact, fluid could still flow between different regions. This was completely different
from Gao’s model (Gao et al., 1995) where the transversal profile was the same, and
thereby confined the fluid in the inter-asperity region.
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Figure 1.22 (a) friction force and (b) normal force plotted versus time for the near-overlap system.
Intermetallic forces between the opposing solid gold surfaces are depicted by the dashed line. The
numbers in (a) refer to the number of layers in the inter-asperity zone. Data from Gao et al.
(1995).

Unfortunately there is no published work about MD simulation of lubricated
multi-asperity contact at present, and although Zhang and Tang (2013) used the
surfaces with many sinusoidal asperities, they did not consider the coupling effect of
upper and lower surface deformation as the asperity was treated as a rigid solid.
Moreover, the distance between slider and substrate was fixed, which was also not
applicable in describing the dynamic process of multi-asperity contact.
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1.6

Conclusions

Friction and lubrication at nano-scale is very important in understanding boundary
lubrication. In this chapter, previous work in this area has been classified according to
experiments and simulations. Experimental work has revealed many interesting and
unique phenomena, including stick-slip, film solidification, and interfacial slip, etc.
Furthermore, MD simulation affords a fundamental perspective from which to
validate and explain these observations. Dry contact has been reviewed in terms of
single and multiple asperity contact. It must be pointed out that until recently, MD
simulations of multi-asperity contact revealed surface flattening and the
corresponding friction (Spijker et al., 2011 and 2012). The amount of lubricant
molecules remaining at the contacting surfaces determines the extent to which two
surfaces contact. However, not much MD simulation work has been done on
lubricated contact, so it is necessary to extend current models to lubricated
multi-asperity contact, which could help to understand the mechanism of boundary
lubrication.

In the next chapter the basic knowledge of MD simulation is presented, and the details
of constructing the MD model and other particular techniques are also explained.
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CHAPTER 2 NUMERICAL MODEL
2.1

Introduction

Computer simulations are now playing a crucial role in enriching our understanding
of the tribological process. With this method, it is possible to vary the geometry,
sliding conditions, and interactions between atoms, which allows their effects on
friction, lubrication, and wear to be explored. In addition, there is a lack of effective
method to determine the steady state of non-equilibrium system except numerical
modelling, such as minimization of free energy. Moreover, the immense
developments of hardware and advanced calculating techniques have considerably
raised the ability of theorists to simulate tribological processes, which has led to an
explosion of computational studies over the last two decades.

Unfortunately, it is yet not possible to solve the models with the practical length
scales and time scales. This is because the time consumption of a specific model
significantly depends on the atom number and the duration it takes. In other words,
not all engineering problems can be investigated through this numerical model.
However, computer simulations have revealed essential information about the
microscopic origins of static and kinetic friction, the behaviour of boundary
lubricants, and the interplay between molecular geometry and tribological properties.
Consequently, these results offer valuable inputs into traditional macroscopic
calculations, such as MD-FEM models.

Of all the powerful numerical models at nano-scale, molecular dynamic simulation
has outstanding advantages; not only can it provide the steady state of a system, it
can also simulate the non-equilibrium process under various conditions, which helps
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to investigate surface contact and boundary lubrication at nano-scale. In this chapter,
an introduction to the principle of this simulation method and the related issues are
presented.
2.2

Molecular dynamics simulation

Molecular dynamics (MD) simulation is a numerical technique used to determine the
equilibrium and transport properties of a classical many-body system. The system
being simulated is classical from the standpoint that the particles (e.g. atoms,
molecules) are treated as obeying the laws of classical mechanics.

In the MD simulation, every new particle distribution is derived from the previous
one by using the interactions between the particles. For one particle i in the system;
every other particle j either attracts or repels it, so the interaction depends on the
positions of the particles ri and r j . All these interactions contribute to the total
potential energy of the particle i,
u (ri )   uij (ri , rj )
j

(2.1)

A force is implemented to particle i under the above potential,
fi  u (ri )

(2.2)

which accelerates the particle in a certain direction. According to Newton’s second
law:

mi ai  mi

vi
2r
 mi 2i  fi
t
t

(2.3)

Here vi is the velocity of the particle. MD simulation calculates the velocity vi of
each particle at a given time, then lets every particle move with that velocity in a
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short period of time. After that, it re-evaluates the potential energy, force and thus the
new velocity. The MD simulation in this thesis was carried out with the Larger-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) MD code (Plimpton,
1995).
2.2.1

Integration method

After defining the potential energy with the force field, MD simulation requires
solving the differential equations to obtain the atomic trajectories. The standard way
is by using finite difference method. In this work the Velocity Verlet algorithm was
used to integrate the motion of each atom because it achieved a better accuracy than
the previous Verlet algorithm (Omelyan et al., 2002).

The atomic position ri (t ) , velocity vi (t ) , acceleration ai (t ) at time t   t (  t is the
time step) was obtained from the equivalents at the time t in the following way:

1
ri (t   t )  ri (t )  vi (t )   t  ai (t )  ( t ) 2
2
1
1
vi (t   t )  vi (t )  ai (t )   t
2
2

ai (t   t )  

u (ri ) 1

ri mi

1
1
vi (t   t )  vi (t   t )  ai (t   t )   t
2
2

(2.4)
(2.5)
(2.6)
(2.7)

The first step was to calculate the position at next time step, and then the velocity of
the half step was obtained with previous acceleration. The acceleration at the next
step was derived from the differential of potential energy. Finally, the velocity at the
next step is the amount of the velocity of half time step and the velocity increment
according to the new acceleration from half time to the end of the time step. The
choice of time step  t is essential to ensure the success in MD simulations. This
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value should be at least an order of magnitude less than the typical times of the
system that is defined by phonon frequencies or the ratio of velocity to acceleration.

Other integration algorithms were also proposed and used (Allen and Tildesley,
1987). For example, the Gear predictor-corrector algorithm predicts the new position
from existing information at previous steps, and then, knowing the exact acceleration
from Newton’s equation, a correction term can be deduced and applied to the
previous values. Another interesting algorithm was proposed by Toxvaerd (1982),
which considers the motion of neighbouring atoms and achieves better energy
conservation. However, all of them are slower than the Velocity Verlet algorithm.
2.2.2

Thermostat method

An important issue for tribological simulations is the temperature regulation because
the work done when two walls slide past each other is ultimately converted into
random thermal motion. The temperature of the system would increase indefinitely if
there were no way for this heat to flow out of the system. In experimental conditions,
heat flows away from the sliding interface into the surrounding solid, so in
simulations, the effect of the surrounding solid must be mimicked by coupling the
particles to a heat bath.

One classic approach to adding or subtracting kinetic energy to the system is by
multiplying the velocities of all particles with the same global factor. In the simplest
version, velocity rescaling, the factor is chosen to keep the kinetic energy exactly
constant at each time step. However, in a true constant temperature ensemble there
would be fluctuations in the kinetic energy. The Nose-Hoover method (Nose, 1984;
Hoover, 1985) adds equations of motion that gradually scale the velocities to
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maintain the correct average kinetic energy over a longer time scale, and this method
was used in this thesis.

The Nose-Hoover method couples a system with a heat bath, and heat will be
transferred back and forth between the system and heat bath in order to keep the
system temperature relatively constant. In this method, Newton’s second law of
motion is modified to have an additional term related to the heat bath:

ai (t ) 

fi (t )
  (t )vi (t )
mi

(2.8)

The coefficient of friction  is defined as

N
d
 (t )  F (kBT (t )  kBT0 )
dt
Q

(2.9)

The number of degrees of freedom N F is equal to 3N+1, where N is the number of
particles in a system, T (t ) is the instantaneous temperature, T0 is the heat bath
temperature, and k B is the Boltzmann constant. The fictitious mass parameter Q
determines the heat transfer rate. If Q is too large, the system will decouple from the
heat bath, which renders the algorithm ineffective, but if Q is too small, heat will
flow back and forth between the system and the heat path too frequently, which
makes the system become unphysical.
2.2.3

Periodic boundary condition

Periodic boundary conditions are the approach available to simulate a large system
by modelling a small unit cell adjacent to periodic mirror images at each side. For
example, Figure 2.1 shows a sketch of periodic boundary conditions in a 2D system.
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Figure 2.1 2D schematic view of periodic boundary conditions. The grey lattice E is the unit cell
under simulation. Other white lattices are the mirror images of the simulation model. The circled
numbers refer to the atoms in the model. The unidirectional arrows donate the motion of #2
atom between two consecutive steps. The dotted circle represents the neighbouring area of #3
atom with cut-off distance at rc. L is the lattice length, rc≤ L/2.

The grey lattice in the middle is the unit cell under simulation. The other eight white
lattices are the mirror images of the unit cell and each mirror image has atoms with
the same states as the simulation lattice. When an atom moves out of the lattice, an
equivalent atom in a mirror image simultaneously moves into the lattice, such as
atom #2 which is indicated by the arrows. Under periodic boundary conditions the
number of atoms in the simulated lattice was kept as a constant. Another principle of
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periodic boundary conditions is that there should be a cut-off distance to include the
related atoms for non-bond interaction. Atom #3, for example, actually interacts with
the #1 atom in the F lattice rather than the #1 atoms in the simulation cell or other
images. The cut-off distance should meet the requirement rc ≤ L/2.
2.3

Force Field

A wide range of potentials have been used in studies of tribology. Many studies used
simple ideal springs and sine-wave potentials. The Lennard-Jones (LJ) potential for
example, gives a realistic representation of typical inter-atomic interactions, so it is
commonly used in studies of general behaviour.

The LJ potential is a two-body potential commonly used for interactions between
atoms or molecules. It is applied not only to the interaction between noble gas atoms,
but also the interaction between different segments on polymers. In the latter case,
one LJ particle may present a single atom on the chain (explicit atom model), a CH3
segment (united atom model), or even a segment consisting of several CH2 units in a
coarse-grained model.

The 12-6 LJ potential has the following form:

 σ 12  σ 6 
U (rij )  4      
 rij   rij  

(2.10)

Where rij is the distance between particles i and j,  is the LJ interaction energy, and

σ is the LJ interaction diameter. The parameters of unlike interactions were
computed with the Lorentz-Berthelot combining rules in Eq. 2.11.
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σij 

2.3.1

1
 σii  σ jj 
2

 ij   ii jj

(2.11)

Wall potential

The choice of wall potential depends on the physical phenomena. A simple spring
model was used for thin film lubrication (Berro et al., 2010). The wall atoms were
attached to their lattice position with a spring. However, it is common to use the LJ
potential to simulate walls in thin film lubrication (without asperity contact) or in
surface sliding (with asperity contact) (Spijker et al, 2011 and 2012). In thin film
lubrication, the main interest is replicating the behaviour of the lubricant, so using LJ
for the interaction between wall atoms is acceptable as long as the parameters for the
interaction between the lubricant and the surfaces are chosen correctly. Moreover,
with LJ potential for the atoms of surfaces, reasonable results have been found when
two surfaces are sliding against each other (Spijker et al, 2011). The most significant
use of this simple potential is to reduce the time consumption as the surface contact
model, for example multi-asperity contact, tends to have a huge amount of atoms and
will take long time to attain a state of equilibrium.

For metals and metal alloys, the embedded atom method (EAM) (Daw and Baskes,
1984) is used widely in MD simulations. In this work there was severe deformation
and metal transfer, which could not be handled correctly through simple potentials
such as spring and LJ potentials. Therefore, the EAM potential designed for solid Fe
was used in this work (Mendelev et al., 2003). The total potential energy has a
pairwise part and a local density part:
N 1 N

N

E=   ( rij )   (i )
i 1 j i 1

i=1

(2.12)
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where the subscripts i and j label distinct atoms, N is the number of atoms in the
system, ri,j is the separation between atoms i and j

i   ( rij )

(2.13)

j

all functions are represented as sums of basis functions:
n

 ( r )   ak k ( r )

(2.14)

k 1

n

 ( r )   ak  k (  )

(2.15)

k 1

n

( r )   ak k (  )

(2.16)

k 1

where  k ,  k and  k are the basis functions and ak are coefficients to be fitted to
material properties.
2.3.2

Lubricant potential

A liquid lubricant, such as n-alkanes, has two unique properties compared to a solid
such as Fe, Al, and Au, etc. Firstly, unlike a solid with a well-ordered crystalline
structure, liquid, by nature, has no internal ordering structure, which means that
lubricants can flow and their molecules can move past one another. Secondly,
lubricant molecules are typically made of flexible chains and branches which include
bond, angle, and torsion interactions.

Linear and branched alkanes were used as the lubricant in this thesis because its
molecular architecture includes bond stretching, angle bending, and torsion. The
TraPPE-UA potential has been well developed to simulate both linear and branched
alkanes (Martin and Siepmann, 1998; Wick et al., 2000). Moreover, this UA

70

Chapter 2: Numerical model

potential has been extend to simulate short chain PEO molecules (Stubbs et al. 2004;
Ketko et al., 2008) that are widely used as surfactants and lubricants. With this
potential, the covalent bond stretching, angle bending, and torsion are presented by
Eq. 2.17-2.19.

E bond 

Kb
2
 r  r0 
2

(2.17)

E bend 

Kθ
2
 θ  θ0 
2

(2.18)

E torsion  c0  c1 1  cos( )  c2 1  cos(2 )  c3 1  cos(3 )

(2.19)

In addition, the LJ potential shown in Eq. 2.10 was used to capture the interactions
between atoms that do not interact with inter-molecular potentials. These atoms are
from different molecules or have been separated by more than 4 atoms along the
molecular chain. The potential parameters for alkanes are presented in Table 2.1.
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Table 2.1 Potential parameters for alkanes and Fe.
LJ 12-6 potentials

σ (Å)

 (eV)

CH3

3.75

0.008444

15.0351

CH2

3.95

0.003963

14.0272

CH

4.68

0.000861

13.0191

Fe*

2.321

  k 0

55.8450

Mass(g/mol)

 0  0.04097
k=1, 3, 5, 10

Bond

K b (eV/ Å2)

r0 (Å)

C-C

39.0279464

1.54

Angle

K θ (eV/rad2)

θ 0 (degrees)

C-C-C

5.3858393

114

Dihedral

c 0 (eV)

c1 (eV)

c 2 (eV)

c3 (eV)

C-C-C-C

0

0.030594

-0.005876

0.068190

* LJ parameters for Fe are just for liquid-solid interaction. Atoms within the solid are modelled
through EAM potentials. The k factor for Fe covers the range of weak and strong potential found
in literature (Tamura et al., 1999; Kamei et al., 2003; Lummen and Kraska, 2004; Sugimura,
2007; Savio et al., 2012)

2.3.3

Liquid-solid interaction

The last important potential is the interaction between surfaces and lubricant,
because this interfacial interaction determines how surfaces influence the structure of
confined lubricants and interfacial slip (Thompson and Robbins, 1990). In MD
simulations this interaction is usually modelled through the LJ potential. Although
there is an advanced force field dedicated to physically and chemically simulating
the liquid-solid interface (Van Duin et al., 2001;Mueller et al., 2010), it takes an
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extremely long time to run a typical case, which is not applicable for large scale MD
simulations. In this thesis it was better to stick to LJ potential as the main interest is
the behaviour of lubricant and surface contact as long as the EAM potential could
model the asperity deformation and metal transfer. As Eq. 2.10 shows, the well-depth
determines the strength of the interaction between the surface and the lubricant. The
unlike parameters (LJ parameters for liquid-solid interaction) was guided by the
mixing rule (see Eq. 2.11), so the liquid-solid interaction can be controlled by using a
range of well-depth parameters of the LJ potential of the surface (Fe). In this work a
factor k (see Table 2.1) was introduced for the well-depth of the surface’s LJ
potential, thereby strengthening or weakening the interaction between surfaces and
lubricant.
2.4

Imposing load and shear

To explore tribological phenomena it is necessary to subject the system to external
shear and load. For example, shearing is achieved by pulling the top wall with an
external driving force while holding the bottom wall fixed. It is generally desirable to
keep the interface as undisturbed by the external force as possible, so it is crucial to
apply any external forces and constraints to the outmost layers of the surfaces. This is
because the temperate control is usually applied to the middle region of a solid,
thereby leaving the contacting solid (surfaces) undisturbed by regulating the
thermostat region. There are three common modes for applying the driving force: a
predefined trajectory, a predefined force, and pulling with a spring. The choosing of
the mode depends on the particular problem to be discussed. For example, simulating
tribometer experiments would be achieved by using constant velocity or constant
force models (Cui et al., 1999; Berro et al., 2010). Besides, applying shear to
mechanical systems can usually be described as a spring attached to a stage moving
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at controlled velocity (Thompson and Robbins, 1990a). The effective spring constant
includes the compliance of all elements of the loading device, including the material
on either side of the interface. Very compliant springs apply an almost constant force,
whereas very stiff springs apply an almost constant velocity. However, in this mode
the calculated friction force depends on the stiffness of the spring.

Three types of molecular dynamic simulations (thin film lubrication, lubricated
single-asperity contact, and lubricated multi-asperity contact) will be discussed in
this thesis because they cover typical phenomena existing at boundary lubrication at
nano-scale. Due to its intrinsic property of small size, the compliance described
through the spring attached to the outermost layer could be ignored because the bulk
material of surface is small and the effect of elasticity of surface is minor. Compared
with the constant force mode, the constant velocity mode is more widely used in the
atomistic computer simulations. Specifically, under a large normal load, the friction
force could be huge and varying. If the contacting surfaces have large surface
roughness, a huge driving force is needed to make the surfaces slide against each
other under a large normal load. Moreover, the constant velocity mode is easy to
record the friction force. Therefore, the constant velocity mode was used in this
thesis.
2.5

Conclusions

In this chapter the basic principle of molecular dynamics simulation is presented.
Specifically, the integration method determines how the position of each atom is
updated while the thermostat method allows the heat, particularly for the frictional
system, to be dissipated with the boundary condition. All this basic knowledge helps
in understanding the specific models discussed in the following chapters.
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Because the force field is undoubtedly crucial to MD simulation, the choice of a
proper force field depends on the physical properties of the problem. Due to severe
deformation and metal transfer, a specially-designed EAM potential was used to the
wall because it could handle the plastic deformation better than simple potentials
such as LJ and Morse potentials. TraPPE-UA force field that covers the parameters
for short chain PEO and linear and branched alkanes was used to simulate the
lubricant. More importantly, the liquid-solid interaction not only affects the structure
of confined lubricant, it also determines the interfacial slip, so a constant factor, k,
was introduced to model the weak and strong liquid-solid interactions. Finally, the
constant velocity mode was used to drive the surfaces. The knowledge contained in
this chapter provides a fundamental understanding of MD simulation of thin film
lubrication and lubricated surface contact. More details are presented in the model
setup in Chapters 3, 4, 5 and 6.
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CHAPTER 3 THIN FILM LUBRICATION*
3.1

Introduction

Hydrodynamics and elastichydrodynamics have been successfully used to describe
micro-thick films (Dowson and Higginson, 1968), but these theories begin to break
down when the thickness of the confined liquid approaches the thickness of only a
few molecular diameters. Both experiments and simulations have revealed that a
substantial change occurs in the static and dynamic properties of fluid films when the
thickness decreases from microns down to the atomic scale.

Experimental results have shown that tribological performance such as bulk
viscosities depends on the shape and length of the lubricant molecules. Generally,
long-chain and branched molecules have higher viscosities than short-chain and
linear ones (Wei et al., 1999), but under severe confinement, fluid maintains a
discrete layering structure. Moreover, the universal assumption of a non-slip
boundary condition becomes invalid in small-scale flows (Zhu and Granick, 2001;
Neto et al., 2005) where in fact, an interfacial slip occurs. Before making direct
surface contact the reduction of film thickness gradually confines the lubricant into a
smaller area. From multi-layer lubrication to single layer lubrication, the film
thickness determines how individual molecules exist between layers, thereby
affecting friction. The properties of lubricant, such as chain length and branch, by
nature, have an essential effect on its performance, and when that is combined with
the effect of small confinement, a complete understanding of lubricant’s behaviour at
the atomic scale is required. In this chapter the molecular dynamic simulation of thin
film lubricant was carried out. The lubricant had different chain length and a typical
*Xuan Zheng, Hongtao Zhu, Kiet Tieu and KuiYu Cheng, Molecular dynamics simulation of confined n-alkanes ordered
structure and crystalline bridges, International Journal of Surface Science and Engineering, In Press.
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branched alkane was introduced to discuss the branching effect. Different amount of
lubricant was placed between surfaces, so the film thickness varied from several
lubricant layers down to one lubricant layer.

The results in this chapter have been accepted to be published in the Journal of
“International Journal of Surface Science and Engineering”.

3.2

Model set-up

Figure 3.1 Schematic view of thin film lubrication model. The numbers on the left indicate the
different layers.

In MD simulations of thin film lubrication, metal walls were widely used to confine
the lubricant. Bcc Fe was used to construct the surfaces in this work. A schematic
view of the model can be found in Figure 3.1. The solid structure has 45×45 lattice
units in the longitudinal and lateral directions, which equals approximately 7.2×7.2
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nm. The longest chain length of lubricant molecules used in this chapter was C20
with a length of around 2.3 nm, so the simulated domain was large enough for the
shearing process, which prevents the fluid molecules from interacting with
themselves across the periodic boundaries. The model had upper and lower Fe walls
with (001) surfaces that confined the lubricant. For the purpose of simulation, the
solid walls were divided into six layers: rigid layers (1, 2), thermostat layers (3, 4),
and free layers (5, 6). The rigid layers (1, 2) were constrained in the y-direction while
layers 3 and 4 were thermostat layers which dissipated the heat generated by shearing
and maintained the system at a temperate of 300 K. Free layers 5 and 6 directly
interacted with the lubricant and transferred the momentum and heat between wall
and molecules. A normal load of 0.25 GPa was applied onto upper rigid layer 1,
thereby compressing the system. A constant velocity of 10 m/s was applied onto
layers 1 and 2, but in the opposite direction, which resulted in a shearing velocity of
20 m/s.

In MD simulation, simple force fields, e.g., LJ potential, were used to model the
surfaces (Spijker et al., 2011 and 2012), or wall atoms were attached to their lattice
position with a spring (Jabbarzadeh, 1998; Berro, 2010). However, in this work the
solid wall was modelled by the Finnis-Sinclair (FS) EAM potentials (Mendelev et al.,
2003) although there was no surface contact in this chapter. In fact, severe plastic
deformation occurred to lubricated surface contact in Chapter 4, 5, and 6, to keep the
consistency of the force filed, the EAM potentials was used in this chapter. Besides,
real surfaces are usually oxidised, which reduces the adhesion force between contact
surfaces significantly, so the LJ potential was used to incorporate the effect of
oxidised surfaces onto the surface contact as suggested by Spijker et al. (2012). As
Table 2.1 shows, the factor k determines the liquid-solid interaction.
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Both linear and branched alkanes were used as the lubricant in this work. As to linear
alkanes, it has been found that the chain length plays an essential role in determining
its static and dynamic properties (Koike and Yoneya, 1998; Sivebaek et al., 2010), so
five different linear alkanes (n-alkanes, n=4, 8, 12, 16 and 20, as shown in Figure 3.2)
and a branched alkane (phytane: 2, 6, 10, 14-tetramethylhexadecane, as shown in
Figure 3.8) were used as the lubricant. The term C20-branched refers to phytane
while linear alkanes use the terms: C4, C8, C12, C16 and C20. These alkanes were
represented via an optimised United Atom (UA) potential: TraPPE-UA, see Table
2.1. The liquid-solid interaction was also modelled through the LJ potential with the
Lorentz-Berthelot combination rules.

Figure 3.2 Schematic view of five linear alkanes used as the lubricant. The red atom is the united
atom of CH3 and the purple atom stands for that of CH2.
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3.3

Initialisation of lubricant

The whole simulation process includes three main steps: fixed, compression, and
shear. In the fixed step, the upper and lower walls were separated far enough so that
the randomly distributed molecules can move freely. This is very important for long
chains because they are not as flexible as short ones and need more time and space to
relax. After that, an external load of 0.25 GPa was applied onto the upper rigid layer
1 while the lower rigid layer 2 remained fixed, thus compressing the lubricant. A
constant speed of 10 m/s was then applied onto the upper and lower rigid layers
along the x-axis but in an opposite direction, which shears the lubricant for 10 ns.
Longer shearing times (20 ns, 30 ns, and 40 ns) were also carried out for typical
cases but there was no obvious difference so it was considered that 10 ns was enough
for the conditions in this work. To apply a constant normal load, within each time
step an external normal force was applied to each atoms of the upper rigid region in
such a way that each atom experiences the same force in the normal direction. In fact,
the external normal force for each atom is different, however the average force is the
same for each atom, which allows the upper rigid region moves normally as a whole.
This function is implemented through a LAMMPS command called fix aveforce.
3.4

Full film lubrication

Under a high normal load industrial applications can reach a thin thickness of only
several nano meters, therefore in the MD simulation of thin film lubrication, a film
thickness of about 4 nm was used to model the rheologcial and frictional behaviour
of this film (Berro, 2010; Savio et al., 2012). A constant atomic number (8000) was
used for all types of alkanes and a film thickness at about 4 nm was obtained under
0.25 GPa, although a slight difference occurred due to the chain length and branch.
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This model with a thin film of 8000 atoms was called full film lubrication in section
3.4 to distinguish it from the model with less than 3200 atoms in section 3.5.
3.4.1 Effect of chain length
3.4.1.1 Layering structure
The density profile of C8 full film is given in Figure 3.3 and shows a clear layering
structure. In this case 8 clear layers were formed, but the lubricant in the middle
seems to remain in its bulk state, which suggests that the confining effect decays
towards the inner layers. In addition, as the liquid-solid interaction (k) increased, the
maximum density increased, while the intervals between prominent peaks seemed to
be the same (0.4 nm) since this distance mainly depends on the intra-lubricant
potentials and does not vary with the surface strength of the walls. Moreover, from
the right side of Figure 3.3, an asymmetry in the density profiles was observed, this
is because that only upper wall allowed for the normal motion while the lower
boundary layer was fixed in the z direction. Consequently, the film thickness
increases with a decrease of the surface strength, which results in the asymmetric
density profile. The united atoms includes CH3 and CH2, both of which have
corresponding atom mass plus the volume confined between the walls to calculate
the average density. The density profile clearly shows the layering structure, which is
the main observation and discussion in this section. Moreover, the TraPPE-UA force
filed is well developed for alkanes. In the work of Martin and Siepmann (1998), the
density of united atoms was compared with the experimental data.
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Figure 3.3 Density profile of C8 full film confined by surfaces with different liquid-solid
interaction that is determined by the factor k, see Table 2.1.

Chain length has a significant effect on the layering structure, i.e., the lubricant with
long chain molecules had sharper density peaks than short chain molecules (Koike
and Yoneya, 1998). The density profiles of all linear alkanes with a strong liquidsolid interaction (k=10) are shown in Figure 3.4, and reveal that the layering
structure occurred in every case. Lubricant with shorter chain alkanes had
proportionally more fluid-like molecules in the middle while molecules with a longer
chain had a fully layered structure across the thickness.

With the same amount of lubricant (8000 atoms), lubricant with a shorter chain had
a larger film thickness, which is compatible with bulk density, but there was no
obvious difference between C16 and C20. Specifically, both types of n-alkanes
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maintained a clear layering structure even in the middle, and the layer number (10
layers) was the same. This is because in such a small confinement, 8000 can only
generate 10 layers for C16 and C20 and the interval distance between layers depends
on the molecular width, so the shapes of the density profile are almost the same.
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Figure 3.4 Density profile of all linear alkanes confined by surfaces with k=10. The solid circle
indicates the atoms between first and second layers.

3.4.1.2 Velocity profile
The non-slip condition in fluid dynamics is no longer valid at nano-scale because in
reality, small-scale flows exhibit a slip or no-slip condition which depends on the
liquid-solid interaction (Thompson and Robbins, 1990b), the length of the lubricant
molecules (Berro et al., 2010), and the level of confinement (Heinbuch and Fisher,
1989; Savio et al., 2013). With 8000 atoms of lubricant and different factor k, the
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effect of liquid-solid interaction and chain length could be discussed as follows, and
the effect of confinement on interface slip will be discussed in 3.5.

The velocity profiles of lubricant of all linear alkanes confined by a weak liquid-solid
interaction (k=1) are shown in Figure 3.5. A small boundary slip occurred to
molecules with shorter chains (C4 and C8) while the longer chains had a clear slip at
the interface. Starting from C12, the lubricant with long molecules tended to behave
like a block and moved as a whole. This observation can be confirmed by the
velocity profiles of long molecules. The velocity profiles of C12, C16, and C20
remained almost unchanged or only changed a little across the thickness.
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Figure 3.5 Velocity profile of all linear alkanes confined by surfaces with k=1.

Whether there was a slip or not is determined by the competition between the
internal fluid cohesion and the liquid-solid interaction. For short chains no-slip or
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small slip occurred when the liquid-solid interaction prevailed over the cohesion,
whereas for long chains the cohesion was so strong that a weak liquid-solid
interaction could hardly shear the lubricant, resulting in a large slip at the interface
(Berro et al., 2010).

On the other hand, no-slip occurred to all the linear alkanes when they were confined
by the wall with a strong liquid-solid interaction (k=10). As Figure 3.6 shows, all the
lubricants had no slip at the boundary. However, there were generally two different
behaviours. For shorter chains (C4, C8, and C12), strictly sticking to the surfaces
only occurred to the first layer and the lubricant of C4 had the weakest affinity to the
surfaces, whereas for longer chains (C16 and C20) the second layers remained firmly
stuck to the surfaces. This was because long chain molecules had a certain number of
atoms (bridging molecules) between the first and second layers which helped the
second layer flowed after the first layer (refer to the solid cycle in Figure 3.4).
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Figure 3.6 Velocity profile of all linear alkanes confined by surfaces with k=10.

3.4.1.3 Shear stress
The shear stress was obtained by dividing the friction force with the surface area.
The friction force is the resistance from the lubricant and lower wall on the upper
wall, while the surface area is defined by the x and y dimensions of the simulation
box. In full film lubrication the thickness was much larger than the cutoff distance
for LJ interaction between the upper and lower surface, so the shear stress only came
from the interaction between the upper wall and the lubricant. On the other hand,
when the thickness is comparable to the cutoff distance, the contribution from the
lower surface becomes obvious, and it will be discussed in section 3.5.

The shear stress of full film lubrication is determined by the property of the lubricant
(Koike and Yoneya, 1998; Jabbarzadeh et al., 2002 and 2003; Sivebaek et al., 2010)
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and interfacial slip (Savio et al., 2013). The increase of chain length increases the
flow resistance because there is a strong cohesion between long molecules. Moreover,
the chain length plays a dominant role in determining interfacial slip when the liquidsolid interaction is relatively weak.
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Figure 3.7 Shear stress as a function of chain length.

The shear stress as a function of the chain length is plotted in Figure 3.7. Overall, the
shear stress increased with the chain length, but the liquid-solid interaction
determines the increasing rate because it determines how much momentum can be
transferred from the surfaces to the lubricant. With the shortest chain (C4), this
interaction does not affect the shear stress very much because the boundary layers
(the layers next to the surfaces) stuck completely to the surfaces even under a weak
interaction.
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When the chain length increases, the interfacial slip occurred under a weak liquidsolid interaction, particularly for the molecules with the chain length more than 12. A
big slip can be seen in Figure 3.5 due to the resisting force that came mainly from the
surface sliding against the block-like lubricant, but this condition changed when a
strong liquid-solid interaction was used. The shear stress (solid circles in Figure 3.7)
increased dramatically with the chain length because there was no slip at the
interface, so the lubricant near the surfaces stuck firmly to the surfaces, which
resulted in a large resisting force stemming from the cohesion force between the
lubricant molecules.
3.4.2 Effect of molecular branching
In addition to the chain length, molecular branching is another factor of molecular
shape that has a significant impact on the flow structure and friction in molecular
lubrication (Wang et al., 1994; Gao et al., 1997; Jabbarzadeh et al., 2002 and 2003,
Berro, 2010). In comparison to linear and branched molecules, the latter usually have
higher bulk viscosities, but under severe molecular confinement, experiments
revealed that the spherical and linear molecules can reach a highly ordered state
(solid-like/glassy state) much easier, while branched ones may continue to exhibit
liquid-like continuous flow and strongly resist surface-induced solidification.

MD simulations have shown that branching may influence the local properties of
confined films such as their layering structure and interfacial slip (Berro, 2010). In
order to investigate the effects of molecular branching on the structure and dynamics
of confined films, a typical branched alkane was introduced in this session.
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3.4.2.1 Molecular model
In order to observe the difference, lubricant with linear hexadecane and branched
hexadecane (phytane: 2, 6, 10, 14-tetramethylhexadecane) were placed between the
surfaces. A schematic view of these two molecules is shown in Figure 3.8. As
mentioned in 3.2, C16 refers to hexadecane while C20-branched is for phytane.

These two molecules had the same length backbone, which eliminated the effect of
chain length. The number of atoms remained at 8000. Although the branched
lubricant had a slightly smaller film thickness, the difference had no significant effect
on the laying structure and dynamic properties of confined films. The other
conditions were the same as those in the models with linear chains in 3.4.

Figure 3.8 Schematic view of (top) linear hexadecane and (bottom) branched hexadecane
(phytane: 2, 6, 10, 14-tetramethylhexadecane). The red atom is the united atom of CH3, the
purple atom stands for that of CH2, and the green atom is CH.

3.4.2.2 Layering structure
The density profiles of linear and branched molecules are presented in Figure 3.9.
Under the confinement of surfaces with a strong liquid-solid interaction (k=10), the
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boundary layers did not change very much, e.g., the position of the lower first layer
(see left side of density profiles in Figure 3.9) remained the same and the interval
between the first and the second layers was the same as well. The most significant
difference between these two profiles is the layering structure. For C20-branched,
although boundary layers were formed in the same position as the C16 lubricant and
the first layers looked quite similar, the layering behaviour gradually vanished in the
middle of the lubricant. In other words, the solid-like transformation that occurred in
the linear molecules did not apply to the lubricant of branched molecules because the
branching atoms disturbed the formation of explicit layers at middle (Berro, 2010).
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Figure 3.9 Density profile of hexadecane and phytane with 8000 atoms confined by surfaces with
k=10.
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3.4.2.3 Velocity profile and shear stress
The velocity profiles of C16 and C20-branched are plotted in Figure 3.10. Because a
strong liquid-solid interaction was used, there was no interfacial slip for both linear
and branched molecules. The velocity profiles showed that branching had no
significant effect on the sheared lubricant when it was confined under a strong liquidsolid interaction. However, the branched molecules presented a smoother profile
because they were more likely to be liquid-like in the middle. Due to the total slip
(see Figure 3.5), the effect of branching on slip when confined under a weak liquidsolid interaction (k=1) was difficult to see here, but this effect is significant, e.g.,
when confined by a non-wetting surfaces (Berro, 2010).
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Figure 3.10 Velocity profile of C16 and C20-branched with 8000 atoms confined by surfaces with
k=10.
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The velocity profile of C16 tended to have a step-like shape, which was similar to the
profile seen for dodecane when the lubricant showed a clear layering structure
(Jabbarzadeh et al., 2007). On the other hand the branched molecule exhibited a
smoother profile because the layering structure had been suppressed by the branching
atoms.

Table 3.2 Shear stress for linear and branched molecules confined between walls
with k=10.
Molecule type
Shear stress (MPa)
C16

13.6

C20-branched

40.1

Branched molecules generally have higher bulk viscosities than linear ones. Because
there was no boundary slip for the linear and branched molecules (see Figure 3.10),
the shear stress depended mainly on the intrinsic cohesion between molecules. Table
3.2 shows the average shear stress for C16 and C20-branched. The shear stress of
branched molecules was twice as large as the linear molecules, which indicated that
enhancement of viscosity due to branching was the main factor influencing the
friction.
3.5

From full film to one layer lubrication

As the film becomes thinner, the confined molecules are more likely to act like a
solid (Thompson and Robbins, 1990b; Jabbarzadeh et al., 2006). Interfacial slip and
internal cohesion continues to compete, thereby determining the frictional property
of lubricant. In this section, the film thickness was controlled by the number of atoms
to model the full film with several layers towards the film with just one layer. The
results in this section can bring a general observation about thin film lubrication and
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the break of the film before the surface asperities make contact. Atom numbers
between 800 and 3200 were chosen for all types of lubricant. Due to the high
likelihood of interfacial slip at a small confinement, the strong liquid-solid
interaction k=10 was used in this section.
3.5.1 Film thickness
Figure 3.11 shows the film thickness of C12 as a function of the number of atoms,
and as expected, the film thickness gradually increased with the number of atoms.
After examining the film thickness further, a stepped profile could be seen because
the number of layers decreased (Savio et al., 2013). When the thickness decreased,
the ordering response (layering structure) from the liquid-solid interaction and
confinement became stronger, which resulted in a significant deviation from bulk
properties.

With a certain number of layers (more than one), the thickness increased slowly with
the number of atoms (refer to the interval when the number of layers was 2, 3, and 4).
When the boundary layers reached their maximum density (i.e. there was no more
space to maintain the current layer number), an increasing number of atoms
accumulated between the layers and then a new layer was formed in the middle. As
observed in 3.4, the interval between each layer was approximately equal to the
molecular width (~0.4 nm), and therefore the film thickness rose sharply when a new
layer was formed; see the bi-directional arrow in Figure 3.11.
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Figure 3.11 Film thickness of C12 as a function of atom number. The number indicates the
number of layers with a certain atom number. The bi-directional arrow shows the change of
thickness when a new layer is formed.

3.5.2 Density profile
This variation of film layers can be better illustrated by the density profile across the
thickness, as shown in Figure 3.12. Because the amount of lubricant here was up to
3200 atoms, so the number of layers was less than 4. With 800 atoms only one layer
formed between the surfaces and the one-layer structure continued when there were
1000 atoms, although two density peaks appeared within one layer. In other words, at
this moment, this explicit one-layer structure remained but with two density peaks
within the layer. Furthermore, with 1400 atoms two explicit layers were established
and there were no atoms remaining between these two layers. This is better
illustrated by Figure 3.13a.
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When the number of atoms increased to 2200, a new layer was formed between the
boundary layers but with a smaller density peak than the boundary layers. Two
middle layers occurred when 3200 atoms of C12 were introduced. Because the lower
rigid layer was fixed, the lower boundary layer for every amount of lubricant was
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Figure 3.12 Density profile across the thickness. The lubricant of C12 has five atom numbers at:
800, 1000, 1400, 2200, and 3000.

The density profile showed that with 1400 atoms the lubricant of C12 molecules has
a bi-layered structure. To understand this unique structure better, the side view and
top view of this confined lubricant was plotted in Figure 3.13. A typical snapshot of
the lubricant at shearing equilibrium is shown in this Figure. Figure 3.13a indicates
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that the lubricant was divided into two layers without any bridging molecules
(molecules that are not exclusively laying in either of the boundary layers), therefore
shearing occurred through the sliding between these two layers. In addition, the top
view (Figure 3.13d) of this bi-layered structure shows the in-plane structure of the
lubricant where the atom was coloured according its position in the z-direction and
these upper and lower boundary layers maintained an in-plane (epitaxial) order.
More obvious in-plane ordering structure has been observed for LJ particles, i.e., the
boundary layers of LJ particles exhibited a crystallised state when confined by
surfaces with a strong liquid-solid interaction (Thompson and Robbins, 1990b). The
study by Jabbarzadeh et al. (2006) showed that the boundary layers of short chain
alkanes also had this in-plane order and the orientation of confined molecules had a
relationship with the surface orientation before the shear was applied. After reaching
the shear equilibrium, the molecules tended to lay parallel to the shear direction, as
shown in Figure 3.13d

In Figure 3.13b, 2200 atoms formed a new layer between the boundary layers and a
small amount of molecules were not layering totally in one of the boundary layers.
When the number of atoms increased to 3000, more bridging molecules were found
between the layers, and indeed these bridging molecules can be found for all models
with the layer number larger than 2. It is believed that these bridging molecules have
a significant effect on friction, which will be discussed further in 3.5.4.
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Figure 3.13 Side view of models with atom number at (a) 1400, (b) 2200, and (c) 3000. The top
view of the model with 1400 atoms of C12 molecules is shown in (d) and the colour of each atom
is based on its z position.

3.5.3 Velocity profile
In thin film lubrication the interfacial slip plays a significant role in determining the
friction (Berro, 2010). In 3.4, the strong liquid-solid interaction totally frustrated the
interfacial slip. However, when the thickness decreased, the condition of the
boundary layers changed. Figure 3.14 shows the velocity profile of C12 lubricant
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with 800, 1000, 1400, 2200, and 3000 atoms respectively. The general observation
was that the boundary slip increased as the thin film thickness decreased. The film
with four layers (with 3000 atoms) had the boundary layers firmly sticking to the
corresponding sliding surfaces. The non-slip condition continued in the model with
three layers (with 2200 atoms), but a slight slip occurred in the model with a bi-layer
structure (with 1400 atoms) as the transition to rigidity in the film occurred, which
exhibited a strong cohesion force between crystallised boundary layers, as shown in
3.13d. Consequently, there was a slight interfacial slip, although the liquid-solid
interaction was strong (k=10). More significantly, this step-like profile (Figure 3.14
green uptriangles) indicated that the upper and lower boundary layers slid directly
against each other. As Figure 3.12b shows, 1000 atoms can only form one layer, but
this layer still had an obvious velocity profile (Figure 3.14 red solid circles), although
the step-like profile does not apply here. It seems that even within one layer, the
molecules can move in different directions. In order to better understand this onelayer velocity profile, the atoms were coloured by their average velocity in the xdirection, as shown in Figure 3.15. The difference in velocity within one layer was
obvious and it is this difference plus the interfacial slip that resulted in a significant
increase in shear stress, which will be discussed more in 3.5.4.
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Figure 3.14 Velocity profile across the film thickness for models with 800, 1000, 1400, 2200 and
3000 atoms.

3.5.4 Shear stress
The film thickness determines how individual molecules exist in a small confinement,
i.e., more solid-like or liquid-like. From a liquid-like state to a solid-like state, the
interfacial slip increases and the inner layer slip begins to affect the friction. In this
situation, it acts more like a solid-solid lubricant. To better understand the behaviour
of friction in such a small area, the shear stress and the adhesion pressure (the
pressure caused by the LJ force between the upper and lower surfaces) as a function
of the atom number are plotted in Figure 3.16, and Figure 3.17 shows the shear
stress as a function of film thickness. A large stress occurred to the model with just
one layer (with 800 and 1000 atoms). Due to its one-layer structure, the lubricant
with 800 atoms is more likely to move as a whole, which means that interfacial slip
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governs the friction. However, the maximum shear stress occurred to the one layer
structure with 1000 atoms. From the density (Figure 3.12b) and velocity profiles
(Figure 3.14) this layer of lubricant tended to split into two layers. In other words,
the molecules within this single layer had a strong affinity to either the upper or
lower surface, so a so-called in-plane shearing occurred. To better illustrate this
phenomenon, the top view of this one layer structure with 1000 atoms is shown in
Figure 3.15 where the atoms are coloured based on their average velocity in the xdirection. The top view shows that the molecules did not exist in an ordered structure,
and more importantly, regardless of being within one layer, the molecules no longer
moved as a whole (see its velocity profile, the solid red circles in Figure 3.14). In fact,
there was a severe collision between the molecules because they moved oppositely,
which contributed to the remarkable increase in shear stress.

When two surfaces approach each other, a strong adhesion due to the LJ interaction
between the walls along the z-direction can be detected, which is actually acting as
an extra external pressure that compressed the molecules. This adhesion was also
plotted in Figure 3.16. When there were 1000 atoms, although its values dropped
slightly from maximum, it still was more than twice (630 MPa) as the normal
pressure (250 MPa) applied onto the top rigid layer, which further increased the
shear stress. However, this large adhesion pressure was dramatically reduced when
more than one layer was formed between the surfaces and became zero when the
separation was larger (Savio et al., 2013).
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Figure 3.15 Top view of the C12 lubricant with 1000 atoms. The atoms are colored by its average
velocity in the x-direction (shearing direction).
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Figure 3.16 Shear stress and adhesion pressure between the upper and low surfaces as a
function of atom number. The C12 is used as the lubricant.
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Figure 3.17 Shear stress between the upper and low surfaces as a function of film thickness. The
C12 is used as the lubricant.

Further increasing the atom number, the shear stress slowly rose with the thickness,
so when a bi-layer structure was formed the shear stress became quite small. For
systems with this bi-layered structure (between 1200 and 1800 atoms), the shear
stress did not change very much because the slip between two explicit layers lowered
the shear stress as the non-bond interaction between the lubricant atoms was weaker
than the liquid-solid interaction. However, the shear stress increased steadily when
the lubricant presented a multi-layer structure. Figure 3.13b shows that a new layer is
formed between the boundary layers and the bridging molecules appeared between
the layers. For all models with three layers (from 2000 to 2600 atoms), the bridging
molecules remained and even increased a little with the thickness (see Figure 3.13 b
and c); therefore, the interaction between layers could not became as low as the bilayer structure does. In fact, the boundary layers stuck firmly to the surfaces so no
boundary slip occurred. Consequently, more bridging molecules actually increased
the shear stress.
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3.5.5 Effect of chain length and branch
The previous discussion revealed that the layering structure had a significant effect
on friction of ultra-thin lubrication. How the molecular properties affected this
phenomenon needs to be clearly understood, so in this session the lubricant of C4,
C20, and branched C20 (phytane) with different numbers of atoms were introduced
into the wall gap to compare to the result of C12.
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Figure 3.18 Film thickness of C4, C12, C20 and C20-branched as a function of atom number.

Figure 3.17 plots the thickness of these alkanes as a function of the number of atoms.
Generally, the shortest chain C4 had a thicker film except for the model with one
layer to separate the surfaces (800 and 1000 atoms). This is because the shorter
molecules present a more ordered one layer structure than longer molecules when
confined between smooth, commensurate surfaces. However, the thickness of C4
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lubricant prevailed over the longer chain molecules when more than one layer was
formed between the surfaces, and the difference became more obvious as the number
of atoms increased. In fact, with a certain number of atoms (more than 1000), the C4
lubricant had a higher proportion of non-bond interacting pairs than the lubricant
with a longer chain. Moreover, the LJ balance distance was larger than the bond
length, as shown in Table 2.1. Consequently, the C4 lubricant had a larger film
thickness when the number of layers was more than two. Moreover, the C20
lubricant had a similar profile to C12, this step-like behaviour was disturbed by the
branch structure of branched C20, which indicated that the branching disturbed the
layering structure (see Figure 3.9).
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Figure 3.19 Shear stress of C4, C12, C20 and C20-branched as a function of atom number
(thickness).
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The shear stress of branched C20 is plotted in Figure 3.18 as a comparison with the
linear alkanes, C4, C12, and C20. The branched molecules had a larger shear stress
when there were more than 1000 atoms (two or more layers were formed) (Savio et
al., 2013). This was due to the molecular branch that resulted in more bridging
molecules between layers when at least two layers were formed. The dramatic
variation of its shear stress was due to the different numbers of bridging molecules.
When there was more than one layer, for the linear molecules, the shear stress of C12
and C20 increased with the thickness while the C4 showed a downward trend with
the thickness. This was because C12 and C20 could exhibit two layers with less
bridging molecules (sometimes even two explicit layers were formed), which
resulted in a minor shear stress, but these bridging molecules increased with the
number of layers, i.e., when more layers were formed so it became hard for an
explicit layer structure to occur. Moreover, the cohesive interaction among liquid
C12 and C20 molecules are larger than C4. As a result, the shear stress increased
with the thickness when there was more than one layer. On the other hand, C4 was
more likely to be crystallised between smooth, commensurate surfaces when there
were two explicit layers. The shear stress that came from the sliding between these
two crystallised layers (no interfacial slip) may larger than the shear stress of liquidlike C4, so the shear stress of C4 decreased with the film thickness.
3.6

Conclusions

From full film lubrication down to one layer lubrication, a thin film behaves
differently in terms of its density profile, velocity profile, and shear stress. The
effects of molecular chain length and branching on the structure of lubricant and
friction were discussed. By reducing the amount of lubricant confined between the
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surfaces, the work carried out in this chapter was to investigate ultra-thin film
lubrication before direct surface contact occurs.

In full film lubrication, the liquid-solid interaction (factor k) and structure of the
molecules determines the interfacial slip. Obvious layering structures have been
found near the surfaces, while chain length and branching are the two main factors
that affect the layering structure and thereby influence the friction.

When two surfaces approached each other, the film thickness presented a step-like
behaviour as the number of layers varied with the amount of lubricant. A unique bilayered structure with no bridging molecules occurred, which lowered the shear
stress. With one layer lubrication, the velocity difference of atoms within the layer
and the adhesion between upper and lower surfaces generated maximum shear stress.

Although the surfaces in this chapter were flat, the squeezing process of lubricant
between contacting interface could be modelled by artificially reducing the amount
of the lubricant. However, when the one layer lubricant is squeezed further, direct
surface contact occurs, hence In Chapter 4 lubricated surface contact will be
introduced to discuss how the lubricant protects surfaces.
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4.1

Introduction

When two atomically clean metal surfaces are brought into contact, bonds between
atoms of both surfaces are established and adhesion takes place. If an asperity at one
metal surface slides across a flat surface of the other, the adhesion between them can
lead to a transfer of material from one to the other, a process known as adhesive wear
which is the most pervasive process at surface contact. Moreover, both solid and
liquid thin films can provide a protective effect on the solid surfaces, thus reducing
adhesive wear and frictional energy losses.

In Chapter 3 the rheology behaviour of thin film lubricant with a film thickness of
several angstroms was investigated, but the direct surface contact was not considered.
In real lubricated surface contact, the lubricant between contacting interface would
be squeezed out, which leads to direct surface contact. Therefore, it is necessary to
investigate the protecting performance of lubricant properties, such as chain length,
against friction and wear. Experimental results have confirmed that the diameter of
the wear scar decreases with increasing alkane length (Wei et al., 1999). While an
MD simulation of squeezing thin n-alkanes films between curved solid surfaces
observed that lubricant molecules with a longer chain can provide a better lubrication
effect than with a shorter chain (Persson et al., 2002; Sivebaek et al., 2003). There
were more lubricant atoms remaining at the contacting interface to resist direct
surface contact (asperity contact). The study by Gao et al. (1995) discussed three
single asperity lubricated systems: asperity fully separated, asperity near-overlap, and
asperity overlap. By using a constant film thickness the large densification and
*Xuan Zheng, Hongtao Zhu, Kosasih Buyung and Kiet Tieu, 2013, A molecular dynamics simulation of boundary lubrication:
the effect of n-alkanes chain length and normal load, Wear, 301, pp 62-69.
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pressurisation of the lubricant in the inter-asperity region causes a dramatic variation
in friction force and normal force. Moreover, an intermetallic connective junction
formed, followed by the transfer of metal when the sliding continued. However, due
to the limitation of constant film thickness, the effect of lubricant, particularly the
influence of chain length, on asperity contact could not be investigated.

To understand the wear process at the contacting interface, the surfaces must be
compressed, an action that causes localised film break (squeezing out) and asperity
contact. During sliding, the lubricant molecules flow between the asperities. When
two surfaces approach each other, some molecules are able to remain between the
contacting interface, thus avoiding the direct metal contact. This process, however, is
different from the behaviour of chemically-adsorbed surface layers. In fact, here it is
the lubricant’s physical properties that determine how the lubrication performs.

In this chapter, a single asperity model was established to simulate the dynamic
process of the squeezing/protective behaviour of lubricant between contacting
interface, which is believed to be a common phenomenon in surface contact. Linear
alkanes with different chain lengths were used as the lubricant to investigate the
influence of chain length on friction and wear in lubricated asperity contact.

The results in this chapter have been published in the Journal of “Wear” as shown in
Page 98.
4.2

Model set-up

In this chapter Fe was also used to construct the walls. A schematic view of the
model can be seen in Figure 4.1. The solid structure has 60×30 lattice units in the
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longitudinal and lateral directions, which equals approximately 17.1 × 8.5 nm. As
Figure 4.1 shows, the model consists of upper and lower Fe walls with (001) surfaces,
and randomly distributed n-alkanes with chain lengths ranging from 8, 16, 32, and 64.
The solid wall was divided in the same way of the thin film model, as shown in
Figure 3.1. Only layers 5 and 6 used different name (free deformable layers).
Moreover, a sinusoid curve with an amplitude of 1.5 nm and a period of 9.2 nm was
used to construct the asperities of the upper and lower iron walls. The whole system
was under different normal loads ranging from 0.25, 0.5, 0.75 and 1.0GPa. The
number of atoms in the iron walls was kept constant at 74340. There were 5400,
21600, and 10170 atoms for rigid, thermostat, and free deformable layers in the
upper wall and the lower counterparts had the same number of atoms. In this work,
9600 united atoms (CH3 and CH2) were used to construct n-alkanes, which satisfied
the following conditions: (1) the asperity peaks did not touch the surface of the
opposite wall after compression, and (2) the upper and lower asperities could contact
each other during shearing. It must be noted that the number of lubricant molecules
varied with different chain lengths, although the number of lubricant atoms was fixed
at 9600. All other configuration of the model is the same as the thin film model (see
details in 3.2)
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Figure 4.1 Schematic view of lubricated single asperity model. The number on left indicates
different layers.

The metal transfer during surface sliding depends on the interaction strength between
asperities. In order to simulate this process, two types of asperity contact were
carried out: strong and weak asperity contacts (see specific interaction parameters in
Table 4.1).

Table 4.1 Interaction parameters for strong and weak asperity contact.
Interaction between upper and

Interaction between n-alkanes

lower asperities

and upper/lower asperity

Strong asperity contact

EAM

LJ with k=1

Weak asperity contact*

LJ with k=1

LJ with k=1

* EAM potential was still used for the interaction between atoms of upper/lower walls. Only
asperity contact was modelled by LJ potential with k=1 in the weak asperity contact.

Since the main task in this chapter is to investigate the effect of chain length on
asperity contact, it was better to use the same liquid-solid interaction (k=1) but
different asperity-asperity interaction (k=1 and EAM). Although the strong liquidsolid interaction (k=10) could be used to simulate the strong asperity contact (metal
transfer was also observed), the strong interaction firmly attracted the lubricant
atoms, which may affected the squeezing of atoms at the contacting interface.
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However, the weak liquid-solid interaction reduced this influence and helped to
understand the effect of chain length on the squeezing of lubricant. The EAM
potential was still used for the interaction between atoms of upper/lower walls.
4.3

Simulation procedure

Each simulation consists of three steps: relaxation for 0.2 ns, compression for 0.6 ns
and shearing for 1.2 ns. In the relaxation step the atoms of the upper and lower rigid
layers 1 and 2 were fixed to keep the system height at 11.1 nm, which allowed the
lubricant molecules to fully relax and cover the surfaces evenly. After that, a
uniformly distributed load ranged from 0.25, 0.5, 0.75 and 1.0 GPa was applied to
the atoms of the rigid upper layer 1 while the atoms of the rigid lower layer 2 were
constrained from moving in the z-direction, thus compressing the lubricant. Finally, a
constant sliding speed of 10 m/s was applied on the upper and lower rigid layers
along the x-axis but in an opposite direction. This step lasted 1.2 ns to ensure that
two asperities approached and passed each other. Besides, although 0.2 ns was used
in the relaxation step, the starting point of simulation time was from the compression
step, so the total simulation time was 1.8 ns (0.6 ns from compression and 1.2 ns for
sliding), which helps to understand the time scales of the corresponding figures. In
MD simulation, data is typically averaged in a block to show the results, like data
points in Figures 4.10, 4.12 and 4.15. The size of block in this work is 3 picosecond.
Moreover, due to the same liquid-solid interaction for strong and weak asperity
contacts, there is no obvious difference in terms of density profile and system height
during relaxation and compression, so only the result of the strong asperity contact
was shown in 4.4.
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4.4

Relaxation and compression

During the relaxation step the lubricant molecules with different chain lengths
approached the surfaces of the wall. As an example, Figure 4.2a shows that the
molecules of C8 and C32 in close proximity to the surfaces of two walls remained
parallel to the surfaces. To show the boundary layers better, a top view of the upper
boundary layer is shown in Figure 4.2b. As the chain length increased the lubricant
molecules tended to accumulate around the asperities and join the molecules from
the opposite wall, as shown in Figure 4.2a for C32. There was a capillary attraction
in this configuration that resulted in a negative pressure observed by the study of
Sivebaek et al. (2003). In their work a curved surface moved towards the flat
substrates while the lubricant was gradually being squeezed out the contact gap.

After relaxation, different normal loads were applied onto the iron atoms of the rigid
upper layer. Figure 4.3 indicates the variation in the system height under loads. The
system had an initial transient response at the beginning of compression. In other
words, the film thickness oscillated at first, but then the oscillation decayed until the
system reached a state of equilibrium. The system height at equilibrium also
decreased with an increase in the chain length. Although the total number of
lubricant atoms was the same, the number of lubricant molecules varied with the
chain length, which then led to a different separation between the upper and lower
walls. Moreover, the system height dropped as the normal load increased, which
compacted the lubricant molecules into a thinner film.
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Figure 4.2 Snapshots of C8 and C32 in a state of equilibrium after relaxation; (a) front view and
(b) cross section view at A-A and B-B (0.4nm away from the flat region of the upper wall surface).
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Figure 4.3 Time evolution of the system height during compression.
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Figure 4.4 Atom coverage on the wall surfaces after compression (lubricant atoms within 0.4 nm
away from the wall surfaces).

The coverage of lubricant atoms on the surfaces of the wall, including the flat and
asperity regions, was defined by the lubricant atoms existing within in 0.4 nm away
from these surfaces when the systems reached compression equilibrium. This is this
covering layer that physically protects the surfaces from wear. As Figure 4.4 shows,
the chain length played a significant role in determining this atom coverage. C64 had
the highest coverage and formed a stable monolayer against direct asperity contact
(refer to 4.4). As expected, the coverage increased with the load, indicating that more
lubricant atoms existed next to the surfaces.
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Figure 4.5 shows the density distribution of the lubricant across the film thickness at
the non-asperity region after compression. Figure 4.5a shows that six atomic layers
were formed for C8 under pressures of 0.25 GPa and 0.5 GPa, and only five layers
appeared when the pressure increased to 0.75 GPa and 1.0 GPa. The maximum
density at the first layer had a slight dependence on the load, i.e. more atoms
remained at the boundary layers under a larger load.

The chain length also had a significant effect on the layering structure of the
lubricant (Koike and Yoneya, 1998). Figure 4.5b shows that fewer layers were
formed with longer chain molecules, and sharper density peaks occurred to longer
chain alkanes. The density peaks increased with the chain length. The observation
that a higher pressure and longer chain displayed larger density peaks agrees with the
result of the atom coverage in Figure 4.4.
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Figure 4.5 Density distributions through the thickness of the lubricant at the non-asperity zone
after compression; (a) C8 under pressures of 0.25, 0.5, 0.75 and 1.0GPa; (b) n-alkanes with
different chain length under 0.25GPa.

4.5

Strong asperity contact

The lubricant was confined between the iron walls after compression. To shear the
lubricant and make the asperities come into contact, the iron atoms at the rigid upper
and lower layers were applied at the same but opposite x-speed of 10 m/s, resulting
in a shearing speed at 20 m/s. During sliding, a normal load ranging from 0.25, 0.5,
0.75 and 1.0 GPa was applied continuously, which helped with the investigating of
the effects of the chain length and load on the friction, asperity contact, and the
transfer of asperity atoms during boundary lubrication. Although there was only a
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single asperity contact, this simple contact represented one of the main dynamic
processes during boundary lubrication, i.e. the squeezing-out of lubricant during the
asperity contact.

Figure 4.6 Snapshots of the systems lubricated with C8 and C32 under 0.25 GPa (a, b) before
contact at 1.1 ns, (c, d) during contact at 1.24 ns, (e, f) after contact at 1.39 ns. In (e), for clarity
it only shows the wall atoms lubricated with C8 after contact at 1.39 ns.

Figure 4.6 shows a series of snapshots of systems with strong asperity contact
lubricated with C8 and C32 under 0.25 GPa. Before making contact in Figure 4.6a
and b, the lubricant molecules were squeezed due to the confinement. As Figure 4.7
shows, the height of the system lubricated with the longest chain molecules (C64)
had the highest increase of 0.5 nm from 7.5 nm at 0.6 ns to 8.0 nm at 0.9 ns, whereas
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that with C8 only increased 0.187 nm from 7.625 nm at 0.6 ns to 7.812 nm at 0.9 ns.
The C64 molecules formed the smallest stable thin film thickness after compression,
as shown in Figure 4.3; hence the asperity peak and its opposite flat surface of the
wall formed the smallest outlet for the confined molecules to flow between the
asperity regions, which as a result caused the largest increase in the system height at
the beginning of shearing. A monolayer was formed for the C32 molecules when the
asperities approached close to each other, as shown in Figure 4.6b. From 1.06 ns, the
height of the system lubricated with all 4 types of molecules increased sharply to
their maximum values, see Figure 4.7. The monolayer was broken for C8 and C16 at
1.125ns, while remaining intact for C32 and C64.

Similar MD simulations of lubricated single asperity contact were also studied by
Gao et al. (1995). The configuration of asperity overlap condition is quite close to the
model shown in Figure 4.6. In their work the EAM potential was used for the
asperity-asperity contact as well, so after the lubricant molecules had completely
drained, the sliding asperities passed over each other, which leaded to the formation
of the inter-metallic connective junction. However, the constant film thickness used
in their work, cannot simulate the dynamic process of squeezing lubricant out. In fact,
it was this constant confinement that resulted dramatic variation in friction force and
normal forces (see Figure 1.22). As a definite load ranging from 0.25, 0.5, 0.75 and
1.0 GPa was applied onto the upper wall, the dramatic variation in friction force due
to lubricant being squeezed out of asperity region which occurred to the study of Gao
et al. (1995), was not applied in the current work. Moreover, the asperity shape
(sinusoid curve) in this work was smoother than Gao’s study, which also resulted in a
variation that was not as obvious as Gao’s study.
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Figure 4.7 Time evolution of the height of system lubricated with 4 types of n-alkanes under 0.25
GPa during shearing.

Figure 4.8 shows the change of the monolayer with different chain lengths at the
contacting interface; at 1.1ns the asperities were close to each other, and most of the
molecules were squeezed out from the contacting interface, leaving only a monolayer
to separate the asperities. The calculated number of atoms of the lubricant in the
monolayer indicates that longer chain molecules maintained more atoms in the
contacting interface while the monolayer of C8 began to break down, as shown in
Figure 4.8b. There is an interesting phenomenon that the C64 lubricant had crossing
molecules across the contacting interface, as shown by two circles in Figure 4.8a.
These crossing molecules formed a strong interaction between each other and
resisted the asperities trying to break the monolayer. When the wall asperities moved
against each other more, the monolayer of short chain molecules was completely
broken. As Figure 4.7 shows, the asperity contact occurred for C8 and C16 at 1.125
ns, followed by a sudden drop in the system height.
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Figure 4.8 (a) Top view and (b) side view of the confined n-alkanes in the contact interface at 1.1
ns under 0.25 GPa. Atoms are colored by its molecular identification. Only the atoms within the
dashed rectangle are counted for the atom number.

The squeezing of the last layer between a curved surface and a flat substrate was
studied by Persson et al. (2002) and Sivebaek et al. (2003). They found that the last
layer of longer chain alkanes (tetradecane) were better boundary lubricants than the
short ones, i.e. the last layer of long chain molecules was squeezed out at higher
pressure and at smaller distances. A long chain was more likely to separate the
contacting surfaces under a certain load than a short chain, as shown in Figure 4.6.
Moreover, the number of atoms of the monolayer remaining at the contacting
interface increased with the chain length, as shown in Figure 4.8b.

120

Chapter 4: Lubricated single asperity contact

Figure 4.6c shows that the asperities lubricated with C8 experienced severe asperity
contact at 1.24 ns. There were no lubricant molecules remaining at the contacting
interface, which resulted in a condition similar to dry contact. This direct asperity
contact phenomenon appeared for C8 and C16 under all pressures and for C32 under
pressures at 0.5, 0.75 and 1.0 GPa. The atomic stress (Von Mises) is shown in Figure
4.9, which further explains the nature of the asperity contact. Virial stress was used
to calculate the mechanical stress at nano-scale. LAMMPS directly outputs a
quantity in units of stress*volume, however an individual atom’s volume is not well
defined or easy to compute in a deformed solid. Thus, for simplicity, the LAMMPS
output stress*volume is divided by the same atomic volume 11.64 nm3 (each Fe BCC
lattice has two atoms) in this work, thus the atomic stress is obtained, as shown in
Figure 4.9.

Figure 4.9 Atomic stress (Von Mises) of the walls lubricated with C8 and C32 under 0.25GPa (a, b)
before contact at 1.1 ns, (c, d) during contact at 1.24 ns and (e, f) after contact at 1.39ns.

During contact, most of the asperity atoms lubricated with C8 experienced dry
contact with a maximum stress of 40 GPa. This high value of atomic stress was also
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been observed by MD simulations of indentation (Liu et al., 2009; Zhu and Fang,
2012), cracking (Xu and Deng, 2008) and bending (Tanaka et al., 2004).

As Figure 4.6e shows, a number of atoms from the upper asperity transferred to the
lower asperity and vice versa, resulting in severe wear. There is also a solid bridge
between the upper and lower iron wall asperities which shows the welding/joining of
the asperities during contact. Plastic deformation can also be seen in the asperities. It
is interesting that a concentration of local stress, marked by a circle in Figure 4.9e,
occurred beneath the asperity surface after direct asperity contact, which indicates a
generation of dislocation during contact. Massive dislocation in the MD simulations
of dry metal contact (Kim and Strachan, 2010; Zhang et al., 2012) has been observed.
In these models the number of atoms played an important role in determining
whether the dislocation could extend from the contacting surface into the bulk
material or not, i.e. a massive dislocation may occur when the free deformable region
is large enough. In this work the system was quite small because it mainly focused
on the effect of the lubricant chain length on asperity contact. Moreover, the free
deformable layers are connected to the thermostat layers that were followed by the
rigid layers, and all the constraints applied on the later two layers may resisted the
generation of dislocation. Consequently, large massive dislocation cannot be
observed in this work.

Due to the asperity contact and different lubrication behaviours, the friction force
inevitably varied during sliding. The friction and normal forces were calculated by
summing the forces exerted onto the atoms of the rigid layer 1 and thermostat layer 3
in the x and z directions, respectively. Generally, a friction force resists surface
sliding, which is considered to be a positive value, but the MD simulation of this

122

Chapter 4: Lubricated single asperity contact

particular structure observed that a negative value of the friction force occurred
during shearing, which helped the walls to slide, as shown in Figure 4.10a.

1.00
280
Friction Force (nN)

240

1.10

1.1ns

160
120
80

1.15

1.20

1.25

1.30

1.35

1.40

1.45

1.50

1.39ns

peak passed
1.18ns

200

C8 at 0.25GPa
C16 at 0.25GPa
C32 at 0.25GPa
C64 at 0.25GPa

at 1.125 ns
metal contact
for C8 and C16

1.24ns

40
0
-40
160

Normal Force (nN)

(a)

1.05

(b)
C8 at 0.25GPa
C16 at 0.25GPa
C32 at 0.25GPa
C64 at 0.25GPa

120
80
40
0
-40
1.00

1.05

1.10

1.15

1.20

1.25

1.30

1.35

1.40

1.45

1.50

Time (ns)

Figure 4.10 Time evolutions of the friction force (a) and normal force (b) for different chain
length under 0.25 GPa during contact. At 1.18 ns in (a), the two asperity peaks passed each
other.

Before asperity contact, the friction and normal forces remained nearly constant at 16
nN and 39 nN for all types of lubricant until 1.1 ns, as shown in Figure 4.10. After
that the friction force behaved in ways that corresponded to different chain lengths.
With C8 and C16, direct asperity contact took place for 0.35 ns until the two
asperities continued to slide and then completely separated. At 1.125ns, marked with
a dashed circle in Figure 4.10a, the friction force abruptly decreased and a negative
value of friction was observed. This phenomenon was due to the monolayer breaking
at the contacting interface and the surface atoms of the upper and lower asperities
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coming close together. There was a strong attractive force (EAM potential) from the
atoms of the lower asperity which helped the upper wall to move along its sliding
direction. This similar attractive force has been observed in micro-friction: a negative
load (Skinner and Gane, 1972) and in AFM experiments: a jump-to-contact process
(Landman et al., 1990) as well as in MD simulations (Liu et al, 2009). When two
asperities made full contact, the systems lubricated by C8 and C16 had maximum
friction forces around 240 nN, while the normal forces vibrated but with an average
value at 39 nN. The vibration of the friction force arising from the severe lattice
deformation of the iron walls occurred during asperity contact. Before the bcc lattice
broke, it resisted sliding and increased the friction force. When the lattice deformed
beyond its limit, the atoms in the lattice relocated to form a new bcc lattice, during
which the pressure in the deformed lattice was released, and then the resisting force
decreased. A similar phenomenon also occurred at the study of single asperity
contact during the loading and unloading processes (Song and Srolovitz, 2007).

Figure 4.11 A schematic representation of the asperity contact when the upper asperity was
sliding down along the surface of the lower asperity. The horizontal component Fx pushed the
upper asperity towards its sliding direction.
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However, there was no sudden change in the friction force for C32 and C64 at
around 1.1 ns (see Figure 4.10a), because a monolayer always remained at the
contacting interface during shearing. At 1.1 ns, the upper asperity began to climb the
lower asperity, as shown in Figure 4.6b, and when the two asperities moved further,
the lower asperity must resist the forward motion of the upper asperity, but there was
no direct asperity contact. Consequently, the upper asperity climbed up along the zdirection and moved forward, which gradually reduced the friction force to zero at
1.18 ns, as shown in Figure 4.10a. After that the two asperity peaks passed each other.
As the upper asperity slid down along the contacting interface, the surface of the left
side of the upper asperity experienced a force from the surface of the right side of the
lower asperity, as shown in Figure 4.11. The horizontal component of the contacting
force (Fx) pushed the upper asperity towards its sliding direction, which produced a
negative value of the friction force. At 1.39 ns, the two asperities were totally apart,
and the upper and lower walls were again separated by the lubricant, so the friction
force returned positive.

C8 and C16 were unable to separate the asperities under all normal loads, so the
direct asperity contact occurred with no lubricant molecules remaining at the
contacting interface. With C32 and C64 there were different frictional behaviours;
C32 separated the asperities under 0.25 GPa, but asperity contact occurred when the
normal load increased above 0.5 GPa, as shown in Figure 4.12a. Figure 4.12b shows
that C64 can provide a monolayer to avoid the direct asperity contact for all
pressures. The MD simulation in this work proved that long chain n-alkanes formed
a stable monolayer to protect the surfaces, which was in agreement with the
experimental observation (Wei et al., 1999) that long chain molecules were better
boundary lubricants than short ones.
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Figure 4.12 Time evolution of the friction forces with (a) C32 and (b) C64 under all normal loads
during shearing.

4.6

Weak asperity contact

A weak asperity contact under 0.25 GPa was also carried out to compare the results
of strong asperity contact. A snapshot of the sliding process is shown in Figure 4.13.
C8 was still unable to separate the surface, but due to the weak interaction between
asperities, the severe contact that occurred to the strong asperity contact did not
appear here. In fact, the asperities were sliding smoothly against each other without
surface flattening and metal transfer, as shown in Figure 4.13c and e. The longer
chain molecules (C32 and C64) still maintained a monolayer to separate the asperity
surfaces.
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Figure 4.13 Snapshots of the weak asperity contact systems lubricated with C8 and C32 under
0.25 GPa (a, b) before contact at 1.1 ns, (c, d) during contact at 1.24 ns, (e, f) after contact at
1.39 ns.

Figure 4.14 shows the system height as a function of simulation time. Generally, the
smooth sliding of short chain molecules can also been observed through the variation
of system height. During the contacting period, the system heights of C8 and C16
varied smoothly compared to the strong asperity contact. At 1.125 ns the monolayer
of C8 and C16 was broken, and there was a smaller drop in the system height
compared to the strong asperity contact. Before making contact, the system height of
C64 behaved differently from the strong asperity model, e.g. the maximum value
became larger. This difference is believed due to the way the molecules were initially
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configured. Compared to shorter chain molecules, longer chain molecule were more
easily affected by the initial configuration when confined in a small area.
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Figure 4.14 System height of the model with weak asperity contact under 0.25 GPa.

More importantly, due to the asperity contact, the asperity-asperity interaction
directly determines the friction force. The friction force and normal force of weak
asperity contact was plotted in Figure 4.15, and as expected, the friction force of
weak asperity contact lubricated with C8 and C16 decreased significantly. During
contacting the friction force also varied but only slightly, compared to the strong
asperity contact. This is because the contacting surfaces were not smooth (the
discrete profile of the asperity surface). In fact, two step-like surfaces (step size is
comparable to the lattice constant) were in contact, which varied the friction force
when there were no molecules at the contacting interface. There also seemed to be a
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periodicity in the friction force during this contact. This was also determined by the
step-like profile of the asperity surfaces rather than the formation of new lattice that
occurred to the strong asperity contact, as shown in Figure 4.10a.
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Figure 4.15 Time evolutions of the friction force (a) and normal force (b) for weak asperity
contact.

4.7

Conclusions

In this chapter, iron surfaces with single asperity were compressed and sheared under
the protection of n-alkanes molecules. Both strong and weak asperity contacts were
carried out to investigate the effect of chain length and the metal transfer (wear)
during surface sliding.

After compression, the density distribution and surface coverage of lubricant atoms
were calculated, which showed that the longer chain molecules generated more
atoms at the boundary layers.
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In strong asperity contact, the lubricant was squeezed when the asperities approached
each other, but due to the different chain lengths, longer molecules could not flow
easily between the asperities. This resulted in the largest system height increase when
lubricated with C64. More importantly, the number of atoms remaining at the
contacting interface increased with the chain length. Longer chain molecules formed
a monolayer that separated the asperities, thereby avoiding direct asperity contact.
On the other hand, the surfaces lubricated with C8 and C16 experienced severe
asperity contact under all loads, and there was a transfer of metal between the upper
and lower asperities. When the load reached 0.5 GPa and above, the monolayer of
C32 was also unable to avoid direct asperity contact. During the severe contact, the
obvious periodicity in friction force occurred due to the lattice deformation while a
negative friction force occurred as a result of smooth sliding when the asperities
passed each other without making direct contact.

Weak asperity contact was also carried out in this work. Although direct asperity
contact occurred, a smooth sliding was observed for surfaces lubricated with C8 and
C16. This is because the weak asperity contact had a much weak interaction between
the asperity-asperity contact. Moreover, due to the step-like profile of asperity
surfaces, there was an obvious periodicity in the friction force when direct asperity
contact occurred.

The results of this chapter showed the dynamic process of lubricated single asperity
contact, and also offered a basic perspective on understanding surface contact at
nano-scale. In reality, real surfaces usually have roughness at all length scales, and
lubricated multi-asperity contact is more likely to help to better understand surface
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contact in such a small area. Therefore, a 3D rough surface will be introduced into
the model in Chapter 5.
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CHAPTER 5 LUBRICATED MULTI-ASPERITY CONTACT*
5.1

Introduction

In Chapter 4, MD simulations of a single asperity under the effect of lubricant was
constructed and discussed. However, a solid surface, or more exactly, a solid–gas or
solid-liquid interface, has a complex structure with properties depending on the
nature of the solids, the method of surface preparation, and the interaction between
surface and environment. The properties of a solid are crucial to surface interaction
because surface properties affect real contact area, friction, wear, and lubrication.

Surface roughness has an enormous influence on many important physical
phenomena such as contact mechanics, sealing, adhesion, and friction. Experiments
have already shown that a substrate with an RMS (root mean square) roughness of
~1 µm can completely remove the adhesion between a rubber ball and a substrate
(Persson et al., 2005). In other words roughness is the main reason why adhesion is
usually not observed in most macroscopic phenomena.

One of the most important topics in current tribology research is the influence of
surface roughness on friction and wear during surface compression and sliding.
Because most surfaces are already rough enough, surface atoms can only make
contact at prominent peaks or asperities, thereby both experimentally (Dieterich and
Kilgore, 1994; Berthoud and Baumberger, 1998) and theoretically (Greenwood, 1984;
Greenwood and Wu, 2001; Persson, 2001) observing a much smaller contact area
than the projected area. More importantly, atomic roughness has been found to have
a dramatic effect on the contact area and stress at atomic asperity contact (Luan and
*Xuan Zheng, Hongtao Zhu, Kiet Tieu and Kosasih Buyung, 2013, A molecular dynamics simulation of 3D lubricated contact,
Tribology International, 67, pp 217-221.
*Xuan Zheng, Hongtao Zhu, Kiet Tieu and Kosasih Buyung, 2014, Roughness and lubricant effect on 3D atomic asperity
contact, Tribology Letters, 53, pp 215-223.
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Robbins, 2005 and 2006; Mo and Szlufarska, 2010; Mo et al., 2009), but their
models are still single asperity contact. MD simulations of multi-asperity contact
have been carried out (Spijker et al., 2011 and 2012) with a main conclusion that the
normal load, surface roughness, and adhesion force collectively determine the
contact area. However, the lubrication was ignored in their MD modelling.
Lubricated multi-asperity contact is believed to be the real surface contact at nanoscale. The amount of lubricant remaining between the contacting surfaces determines
the extent to which two surfaces make contact, so in this chapter both dry and
lubricated multi-asperity models were established to investigate dry sliding and
lubricated sliding at nano-scale.

The results in this chapter have been published in Journals of “Tribology
International” and “Tribology Letters” as shown in Page 118.
5.2

System set-up

5.2.1 Surface roughness
Many surfaces have a roughness on all length scales, including the atomistic scale
that can be described by the self-affine fractal scaling. This method has a so-called
Hurst exponent which plays a crucial role in determining the roughness (Anciaux and
Molinari, 2009; Persson, 2005). The Random Midpoint Displacement (RMD)
method (Voss, 1985) has the Hurst exponent as one of its inputs, and this method
was used to generate the rough surfaces with periodic boundary in this work. It is not
uncommon that this method was used by others in MD simulations of dry contact
(Spijker et al., 2012).
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The RMD method represents a de facto standard in fractal terrain generation
techniques, but it could also be extended to describe a 3D rough surface without
losing its generality. The principle is as follows: it starts at an initial square with
random values at the four corners. Let us have one corner’s value at:

[ x0 , y0 , f ( x0 , y0 )],[ x1 , y0 , f ( x1 , y0 )],[ x0 , y1 , f ( x0 , y1 )],[ x1 , y1 , f ( x1 , y1 )]
In the first step, a vertex is added in the middle, and the vertex is denoted by

[ x1/2 , y1/2 , f ( x1/2 , y1/2 )]
where
1
( x0  x1 )
2

(5.1)

1
y1/2  ( y0  y1 )
2

(5.2)

x1/2 

f ( x1/2 , y1/2 )  1/ 4( f ( x0 , y0 )  f ( x1 , y0 )  f ( x0 , y1 )  f ( x1 , y1 ))  1
i 

1
2

H i



(5.3)
(5.4)

The added vertex is shifted in the z-coordinate direction by a random value denoted
by  i .The Hurst exponent H is 0.8. In the i-th iteration step the variation  i must be
modified according to Eq. 5.4. The random number  is generated with a Gaussian
distribution. This procedure is recursively repeated for each sub-square and then for
every one of their descendants and so on, as shown in Figure 5.1.
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Figure 5.1 A schematic view of original RMD process within first 8 iterations. The dark areas
mean the surface point from previous iteration while the red areas present the surface profile in
the current iteration.

However, the original RMD starts at the centre of the surface, and the iteration
divides the surface into predefined smallest squares. It is evident from Eq.5.3 and 5.4
that the first iteration has the greatest influence on the final shape of a surface, so it is
highly likely to generate a surface with a few, albeit large asperities. This will not be
good if one wants to simulate a multi-asperity contact. To solve this problem, the
surface is first divided into 16 squares of equal size (4×4 in this work). The RMD is
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applied within each square so that the whole surface has more asperities, but because
a periodic boundary is required in MD simulation, periodicity should be considered
in the original RMD algorithm. Specifically, within one of the 16 squares shown in
Figure 5.2, the surface height at the boundary (both boundary between sub-squares
and system mirrors) should be averaged with the neighbouring squares. Finally, to
create surfaces with the required RMS (RMS 0.2, 0.5, and 0.8 nm in this work), the

1

2

3

4

heights of the surface can be scaled accordingly.

1

2

3

4

Figure 5.2 The simulation domain is divided into 16 (4×4) sub-squares. In each sub-square, the
RMD is carried out.

5.2.2 Model set-up
As computational cost increases rapidly with the number of atoms, system size is
limited. However, the size of domain should be large enough, so that the number of
primary asperities is enough for the problem of surface contact without losing the
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general trend. In this work the solid structure had 45×45 lattice units in the
longitudinal and lateral directions, which equals approximately 13×13 nm. A
schematic view of the system is shown in Figure 5.3. The configuration of the system
was the same to the model of lubricated single asperity contact in Chapter 4 (see the
detail in 4.1) except the sliding speed (20 m/s) and the liquid-solid interaction (k=1).
The total sliding distance was 52 nm, which allowed the system to move 8 times.

Pz= 0.25, 0.5, 0.75, 1.0 GPa
V=20m/s
rigid 1
thermostat 3

300K

free deformable 5

z
y

x

free deformable 6

13

nm

thermostat 4
rigid 2

300K

13 nm

Figure 5.3 A Schematic view of system set-up. For clarity, only a small amount of molecules are
presented. The numbers on left indicate different layers.

The simulation procedure included 3 steps: relaxation, compression, and sliding.
Each specific case took approximately 120 hours on eight processors of a Linux
commodity cluster. During relaxation, the upper and lower rigid layers were fixed
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while the lubricant was free to move. The thermostat began to apply onto the
thermostat layers. The relaxation step lasted until the surface roughness reached its
equilibrium and the lubricant fully relaxed. After that, an external load ranging from
0.25, 0.5, 0.75 and 1.0 GPa was applied onto the atoms in the upper rigid layer, thus
compressing the whole system. Because the initial gap between the upper and lower
walls was large, the applied load would cause a big acceleration for the upper surface
to move towards the lower surface, and resulted in severe contact between the
surfaces. Different extents of surface flattening would occur. Therefore, the speed of
the upper wall should be limited (a maximum displacement within each timestep,
0.125m/s) in the z-direction, which made the surfaces contacted with a same
dropping impact from the upper wall. This limitation could be clearly seen from the
identical declining rate of system heights before the surfaces contacted, as shown in
Figure 5.5.
5.2.3 Contact area
The contact area between the contacting surfaces plays a crucial role in continuum
models of friction and adhesion. Because of surface roughness, the real contact area
is usually much smaller than the apparent area of the surfaces. It has been observed
that real contact area rose linearly with load for non-adhesive surfaces, whether they
deformed elastically (Greenwood and Williamson, 1966; Johnson, 1985) or
plastically (Bowden and Tabor, 1986; Pei et al., 2005). This linear relationship and
assumption of a constant shear stress can explain the linear relationship between
friction and load in many experiments (Bowden and Tabor, 1986). Compared to a
continuum model where a contact profile can be readily obtained, an atomic model
contains discrete atoms from which drawing a direct contact area is difficult, so there
is a fundamental question: what contact means at the atomic scale? In 1.5.1.3, several
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definitions of the contact area at atomic scale have been proposed. One common
method used to calculate the contact area is to consider whether two atoms are in
contact or not with the onset of repulsion between the atoms (Mo and Szlufarska,
2010; Mo et al., 2009). Others (Spijker et al., 2012) used a method of defining a
finite separation beyond which two atoms are treated as a non-contact pair. This is
because the attractive force, such as the LJ potential, decays dramatically when two
atoms are separated by several atomic diameters. For simplicity, the definition of the
contact area in this work was the same as Spijker’s work (Spijker et al., 2012) but
with a threshold of 0.5 nm, i.e., if the distance between two atoms was less than 0.5
nm, the contact occurred.

At first, the free deformable layers 5 and 6 were divided into small clusters according
to the small meshes projected on the xy-plane, as shown in Figure 5.4. Each mesh
was 0.2855×0.2855 nm, which was the same as the lattice constant of bcc Fe. Within
each cluster the atoms had similar x- and y- but different z-coordinate values, and the
highest atom in a cluster of the lower deformable body (or the lowest atom in a
cluster of the upper free deformable body) can represent the cluster’s local surface
profile. From this local profile it is easy to determine (through the distance between
upper and lower local profile) whether the upper and lower surfaces contacted locally
or not. Consequently, the whole contact area was projected onto the xy-plane. A
typical contact area is shown in Figure 5.4. The dark areas indicate where the
surfaces were contacting.
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y
x

Figure 5.4 Top view of contact area (black squares) of the dry contact surface with RMS 0.5 nm
under 1.0 GPa.

5.3

Relaxation and compression

In each system the two rough walls were held in an initial position without making
contact (dry condition), or with a large enough separation for the lubricant to fully
relax. Because the rough surfaces were cut from blocks, there was a slight variation
of surface roughness RMS after the relaxation, as shown in Table 5.1. The difference
between RMS0 and RMS shows the effect of lattice discreteness and relaxation. At
prominent asperities, only several atoms formed the peaks, but they were unstable
during the relaxation, so the RMS reduced. The surface skewness shows that the
relaxed surfaces have no preference for valleys or peaks. The kurtosis showed a
value around 3.0 due to the random number  (Eq. 5.4) generated from the Gaussian
distribution.
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Table 5.1 Surface statistics for the systems with different surface roughness

Lower

Upper

RMS0(nm)*

RMS(nm)

Ra.(nm)

Skewness

Kurtosis

0.2

0.194

0.159

-0.310

2.944

0.5

0.462

0.371

-0.299

2.859

0.8

0.728

0.580

-0.325

2.921

0.2

0.192

0.157

0.031

2.910

0.5

0.461

0.365

-0.010

3.001

0.8

0.734

0.583

-0.008

2.903

*The second column gives the RMS roughness (RMS0) used as an input. All other columns
present computed values.

After the relaxation a normal load was applied onto the upper rigid layer. The
compression lasted for 0.6 ns with the first 0.3 ns under the limited displacement.
The system heights, shown in Figure 5.5, indicate that after 0.6 ns of the compression
the systems reached equilibrium. As mentioned in 5.2.2, the speed of the upper wall
was limited by a maximum value of 0.125m/s in the z-direction. Spijker et al. (2012)
proposed a different scheme for lowering the upper walls. Specifically, the upper
wall moved as a rigid body until one surface atom entered the neighbourhood of an
atom of the lower body. From this point, a small load was applied, which gradually
compressed the upper wall. After reaching equilibrium, a larger load was applied
until the target load was reached. It is difficult to say which lowering scheme is
better because as long as all the surface atoms are with the same lowering process,
the extremely large collision from the free dropping of the upper wall could be
avoided.
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Figure 5.5 System heights of models that are unlubricated and lubricated with 250, 500, and
1000 hexadecane molecules. The RMS roughness is 0.8 nm and the load is 0.25GPa.

For the system heights at equilibrium, Figure 5.5 shows a slight fluctuation occurred
to dry contact while there was a smaller variation in the lubricated contact. Moreover,
250 and 500 molecules of hexadecane lubricant could not completely separate the
surfaces, so the system height was nearly the same as dry contact.

MD simulations of the loading process of single asperity contact revealed that the
contact area depended on the applied load (Luan and Robbins, 2005 and 2006; Mo
and Szlufarska, 2010; Mo et al., 2009). However, multiple asperities were used in
this work because they were closer to simulate the contact mechanism at nano-scale.
In Figure 5.6 the contact area is plotted as a function of load for the dry contact
condition. As expected, the area of dry contact with all surface roughness increased
with load. Specifically, there was a linear increase when the surface had a large
roughness (RMS 0.5 and 0.8 nm). This is because plastic deformation occurred at
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primary asperities, leaving most of the surfaces in a non-contact condition. This
situation changed when the surfaces had a roughness RMS 0.2 nm. Even under 0.25
GPa, 30% surfaces were under contact, and this rate increased significantly to 50%
under 0.5 GPa. When increasing the load further (0.75 GPa and 1.0 GPa), the contact
area showed a smaller increasing rate against load. Under the large load most of
asperities were under contact for surfaces with RMS 0.2 nm, so it was hard to
compress two surfaces further. Generally, surface roughness played a determinant
role in the contact area.

0.6

Contact Area (A/A0)

0.5

RMS 0.2nm
RMS 0.5nm
RMS 0.8nm

0.4

0.3

0.2

0.1

0.0
0.25

0.50

0.75

1.00

Load (GPa)
Figure 5.6 Dry contact areas as a function of load

Because large loads were imposed on the system, it was expected that the surfaces
would change the roughness characteristics. In order to quantify the change of
topography before and after compression, Figure 5.7 shows the change of surface
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roughness as a function of load. Although the change was small (less than -10%), it
increased with load, which meant that all the rough surfaces were flattened after
compression. The change of roughness for surfaces with RMS 0.2 nm was higher
than RMS 0.5 and 0.8 nm. This is because small asperities resulted in a large contact
area which had most of peaks to support the load. As a result, deformation occurred
to most of the surfaces. However, only prominent asperities were deformed for RMS
0.5 and 0.8, so a smaller change of RMS was observed.
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Figure 5.7 Change in RMS as a function of load.

In order to investigate the effect of lubricant on surface contact and sliding, three
different numbers of lubricant molecules (250, 500, and 1000) were placed between
the rough walls. Figure 5.8 shows that the amount of lubricant had a significant
effect on the relationship between the contact area and load. Under 0.25 GPa, the
contact area of systems with 250 and 500 lubricant molecules was almost the same as
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the dry contact, which indicated that a small amount of lubricant could not separate
the surfaces. These molecules just maintained an unconfined condition between the
peaks and valleys. However, with 1000 molecules, the contact area dropped
dramatically towards zero. This observation proved that the amount of confined
lubricant was crucial in determining the surface contact (Gao et al., 1995, Savio et al.,
2013).
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Dry Contact
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0.00
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1.00

Load (GPa)
Figure 5.8 Contact areas as a function of load when the model with surface roughness RMS 0.8
nm is dry contact and lubricated by 250, 500 and 1000 molecules.

From 0.5 GPa, the contact areas of systems with 250 and 500 molecules became
smaller than dry contact, which meant that these amount of lubricant began to
support the load, but these contact areas were still much larger than the system with
1000 molecules. This indicated that at this moment the most of the load was still
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supported by the asperities. With the increase of load, the difference compared to dry
contact became larger, so the lubricant played an increasingly important role of
supporting the load with the load.

Figure 5.9 shows for surfaces with RMS 0.2 nm, dry contact resulted in a large
contact area, but 250 lubricant molecules can significantly reduce the contact area
close to zero. Moreover, there was no contact under all normal loads when 500
molecules were introduced between these rough walls. A similar effect could be
observed for models with RMS 0.5 nm, as shown in Figure 5.10.
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Figure 5.9 Contact areas as a function of load when the model with surface roughness RMS 0.2
nm is dry contact and lubricated by 250 and 500 molecules.
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Figure 5.10 Contact areas as a function of load when the model with surface roughness RMS 0.5
nm is dry contact and lubricated by 250 and 500 molecules.

5.4

Dry sliding

After the walls reached compression equilibrium, a sliding velocity of 20 m/s was
applied on the upper and lower rigid layers which resulted in a shearing speed of 40
m/s. In this section a sliding effect on dry contact is discussed. A sliding system in
equilibrium can be obtained after 8 sliding cycles, as shown in Figure 5.11.
Generally, a longer distance over which the system slid could exhibit a better result
of the system in sliding equilibrium. However, hard iron was used for the surfaces, so
they needed a long time to reach complete equilibrium when sliding over a rough
surface, particularly for surfaces with large RMS. This means the simulation time
will increase significantly. In this work, after 8 sliding cycles the system exhibited a
stable friction force between last three cycles, so the simulation time was enough.
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In order to control the simulation time, simple potentials such as the LJ potential
were used by others. This may show some reasonable results (Spijker et al., 2011 and
2012), but in this work, surface contact under large loads occurred during sliding.
Plastic deformation prevailed on contacting surfaces, so a more sophisticated
potential was needed, such as EAM. Another effective way to reduce the simulation
time was to choose the number of atoms carefully. When surface asperities were
under loads, an emission of dislocation was observed for fcc metals, e.g., Pt (Kim
and Strachan, 2010). It was crucial in these models to have enough bulk materials,
but the simulation time increased substantially. However, the most important task in
this work was to focus on surface sliding under dry contact and lubricated conditions,
so the bulk material was reduced to a number that was just enough to construct the
surface asperities (layers 5, 6 in Figure 5.3).

The force on layers 1 and 3 from other layers and the lubricant in the x-direction was
defined as the friction force. In Figure 5.11, instantaneous friction forces of dry
sliding of surfaces with 3 different RMS are shown as a function of the sliding
distance. Overall, the friction force decreased with the sliding distance except for the
surface with RMS 0.2 nm under 0.5 GPa. This abnormal increase occurred within the
last 3 sliding cycles. This is possibly because the contact area increased, i.e., the
friction force was dominated by roughness or by contact area (adhesion force). This
phenomenon will be discussed more by comparing adhesive and non-adhesive
models, see Figure 5.16.
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Figure 5.11 Instantaneous friction force as a function of sliding distance for dry sliding with
surface roughness RMS 0.2 nm, 0.5 nm, and 0.8 nm.
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Figure 5.12 Effect of sliding on the surface roughness for dry sliding with surface roughness RMS
0.2 nm, 0.5 nm, and 0.8 nm.
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Figure 5.13 Effect of sliding on the contact area for dry sliding with surface roughness RMS 0.2,
0.5, and 0.8 nm.

Another interesting observation is that due to the applied sliding and the relatively
small periodic system, the upper wall moved repeatedly over the lower wall. As a
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result the friction force showed a periodicity that corresponded to the length of the
model in the x-direction, particularly under a large load. The surface topography was
continuously modified by the asperity contact, which more or less disturbed this
periodicity. It is worth noting that the fundamental cause of this periodicity was the
limited number of asperities on the surfaces, because typically there should be at
least hundreds of surface asperities involved in contact, e.g., FEM simulation of
surface contact (Tang et al., 2006), which presented a smooth friction force.

It has been noted so far that with all the simulations, the surface flattened rapidly
regardless of the initial surface roughness or applied normal load. This flattening can
be verified by examining the change of surface roughness. Figure 5.12 shows the
RMS roughness of lower wall surfaces as a function of the sliding distance. During
dry contact the RMS roughness decreased for all conditions, and the change of RMS
depended on the load applied, i.e., there was less RMS reduction under smaller load.
Although the surfaces with a larger initial RMS roughness were flattened severely,
they still had a rougher surface even after 8 sliding cycles. The main reason was the
hardness of Fe which reduced the sliding effect on atomic asperities. There was more
significant flattening for rough Al surfaces, even under small loads (Spijker et al.,
2011). Finally, the Al model behaved like a sliding between two flat surfaces (albeit
with holes in the surfaces), and after looking at the final surface, the valleys were
almost unchanged. In dry sliding, whether the system is in sliding equilibrium or not
depends on the surfaces are contacting in such a way that surface asperities can
provide sufficient contact to support the load. Insufficient support results in a further
flattening of the surfaces until they can fully support the load at equilibrium. From
5.12, some cases still showed decreasing trend after 8 sliding cycles, particularly for
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surfaces with RMS 0.8 nm under 1.0 GPa, but most of the cases exhibited stable
roughness after 8 sliding cycles; therefore, the sliding distance should be enough.

Figure 5.12 shows most flattening occurred within the first three sliding cycles. The
initial roughness not only determined the friction at the beginning of sliding but also
had an effect on friction at equilibrium. In Figure 5.14 the arrow indicates the sliding
direction. During the first sliding cycle, the prominent asperities determined the
friction force under all normal loads. It could be observed that the friction force
increased with RMS roughness. However, this relationship became invalid when the
sliding finished, as shown in Figure 5.15. Specifically, under a small load (0.25 GPa),
the friction force kept increasing with RMS roughness (see arrow 1 in Figure 5.15),
but this relationship changed under 0.5 GPa (see arrow 1 in Figure 5.15). The friction
force of the surfaces with RMS 0.2 nm increased sharply to 26 nN while the surfaces
with RMS 0.5 nm and 0.8 nm presented friction forces of around 21 nN and 23 nN.
Similar significant augment can also be observed at the contact area, as shown in
Figure 5.13 when the surface roughness RMS was at 0.2 nm. Under 0.5 GPa, almost
60% of the surface was in contact, and this reached 70% when the load increased to
0.75 GPa and 1.0 GPa. On contrast, even under 1.0 GPa the contact area only
remained at approximately 41% and 37% for surfaces with the RMS 0.5 nm and 0.8
nm, respectively.
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Figure 5.14 Dependence of the average friction force (last three sliding cycles) on the surface
roughness. The “time” arrow indicates the direction in which the friction and roughness
reduction take place.

It seemed there was another factor that determined the friction force. This inverse
change only occurred to small RMS roughness when there was a significant increase
in the contact area. Therefore the adhesion force between the flattened surfaces was
believed to contribute to this increase of friction force.
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Figure 5.15 Average friction force (the last 3 sliding cycles) as a function of load. The arrows
indicate the inverse relationship between friction force and load. The unit of load is nN, which
corresponds to all 4 loads: 0.25, 0.5, 0.75, and 1.0 GPa.
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Figure 5.16 Adhesion and non-adhesion LJ potentials for the interaction between upper and
lower surfaces.
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Figure 5.17 Instantaneous friction forces as a function of sliding distance. The adhesion between
upper and lower surfaces is excluded through the non-adhesion LJ potential.

156

Chapter 5: Lubricated multi-asperity contact

In order to verify this conclusion, all the dry contact models were carried out with a
modified LJ potential between layers 5 and 6, i.e., the adhesive force was totally
excluded in the original LJ potential, as shown in Figure 5.16. As a result the friction
force would only come from the resisting force from surface roughness.
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Figure 5.18 Average friction force (the last 3 sliding cycles) as a function of load. The surface
interaction excludes adhesion. The unit of load is nN, which corresponds to all 4 loads: 0.25, 0.5,
0.75, and 1.0 GPa.

Figure 5.17 shows the instantaneous friction force for dry sliding without the
adhesion force. Compared to Figure 5.11, the general observation is that the friction
force dropped immediately due to the adhesion force being excluded, particularly for
surfaces with RMS 0.2 nm. Moreover, the periodicity of the friction force diminished.
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For surfaces with RMS 0.2 nm, the friction force became stable after 4 sliding cycles,
particularly for the normal load of 0.25 GPa. For surfaces with the RMS 0.5 and 0.8
nm, the friction force behaved the same as the adhesive model except that the
average friction force decreased.

To conclude, it can be see that the dry sliding was under a combined effect from
surface roughness and adhesion. Specifically, the surface roughness dominated when
surface roughness was large and the contact area was small. For example, this
situation occurred when the sliding just commenced. At this moment, the initial
roughness was almost unchanged, but the sliding flattened the surfaces which
dramatically increased the contact area. In addition, even being flattened, surfaces
with a larger initial RMS roughness still had a rougher surface at equilibrium, and the
friction force was continually under the domination of roughness. This situation
changed when the surfaces with RMS 0.2 nm slid under 0.5 GPa. The significant
increase in the contact area increased the friction force due to the adhesion force. In
other words, adhesion outweighed surface roughness. This phenomenon is unlikely
to occur in macro or micro scales because the roughness is so large that the real
contact area is unable to reach the threshold of the area where the adhesion force
could dominate the friction force.
5.5

Lubricated sliding

When lubricant is present, the surface asperities are under a combining influence of
roughness, adhesion, and lubricant, particularly when the average thickness of the
lubricant is comparable to the surface roughness. In this section hexadecane was
confined between the rough surfaces to investigate the effect of lubricant on friction.
Figures 5.8, 5.9, and 5.10 show the amount of lubricant (number of molecules) was a
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crucial value to determine the extent to which the upper and lower surfaces contacted,
so 250 and 500 molecules were used to analyse their effect on lubrication and
friction.

The average friction force under all normal loads as a function of the sliding distance
was plotted with RMS 0.2 nm (Figure 5.19), 0.5 nm (Figure 5.20), and 0.8 nm
(Figure 5.21). Moreover, the instantaneous friction force of dry sliding and lubricated
sliding with 250 and 500 molecules for surfaces with RMS 0.5 nm was also plotted
in Figure 5.20, which showed the periodicity of the friction force weakened in the
presence of the lubricant. The lubricant atoms that filled the surface valleys acted
like a “surface” that contacted the opposite wall, which reduced the periodicity from
repeated sliding. By visually observing the atom’s trajectory, it was found that the
rough surfaces experienced three lubricating conditions that depended on the surface
roughness and the number of molecules: dry contact, partially lubricated, and fully
lubricated. A fully lubricated condition was that the contact area was zero under all
normal loads, and it only occurred to the surfaces with RMS 0.2 nm when 500
molecules acted as the lubricant. However, the partially-lubricated condition
continued for RMS 0.5 nm and 0.8 nm with 500 molecules.
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Figure 5.19 Friction force as a function of sliding distance. The surface roughness RMS is 0.2 nm
and the model is dry sliding and lubricated sliding with 250 and 500 molecules.
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Figure 5.20 Friction force as a function of sliding distance. The surface roughness RMS is 0.5 nm
and the model is dry sliding and lubricated sliding with 250 and 500 molecules. The
instantaneous friction force shows the lubricant effect on asperity contact.

The most significant observation made so far is that after eight sliding cycles, the
friction force presented different behaviours under dry, partially-lubricated, and
fully-lubricated sliding. Dry sliding revealed that surface roughness and adhesion had
a combined influence on the friction force. This phenomenon was definitely affected
by the presence of lubricant between surfaces.

Figure 5.19 shows the friction force decreased significantly with 250 and 500
molecules, except for the case under 0.25 GPa where the friction force increased.

161

Chapter 5: Lubricated multi-asperity contact

There was a similar increase for lubricated surfaces with RMS 0.5 and 0.8 under 0.25
GPa, see Figure 5.20 and Figure 5.20, respectively. This was because the lubricated
rough surfaces, e.g., RMS 0.8 with 500 molecules had a contact area that was quite
close to that of dry contact, see Figure 5.8. This meant that the friction force not only
came from asperity contact but it also included the resisting force from the lubricant.
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Figure 5.21 Friction force as a function of sliding distance. The surface roughness RMS is 0.8 nm
and the model is dry sliding and lubricated sliding with 250 and 500 molecules. The
instantaneous friction force shows the lubricant effect on asperity contact.

In order to distinguish the effect of lubricant, the friction force of surfaces with RMS
0.5 nm were used as an example to demonstrate the combined effect of roughness,
adhesion, and lubricant. The average friction force in the last 3 sliding cycles is
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shown in Figure 5.22. At a partially-lubricated condition with 250 molecules under
0.25 GPa, the friction force increased compared to dry sliding (see the arrow in
Figure 5.22). This may be a controversial observation compared to the common
observation that a lubricant should reduce the friction force. However, it must be
emphasised that with 250 molecules, the friction force came from asperity contact
and the lubricant. In order to quantify the effect of lubricant, these two forces that
attributed to the friction force were plotted separately (see the dashed lines with
symbols in Figure 5.22).
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Figure 5.22 Average friction force (the last 3 sliding cycles) as a function of the load at dry, and
partially-lubricated (250 and 500 molecules) sliding. The dashed line with symbols indicates the
components of the friction force from asperity contact and lubricant, separately. The arrow
indicates the effect of lubricant on friction force under 0.25 GPa. The load is given by nN, which
is the same as shown in Figure 6.15 and Figure 6.18.
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The friction force increased with the load at a rate that depended on the amount of
lubricant, i.e., more lubricant molecules reduced the increase to a lower rate. At 0.25
GPa, the friction force was almost twice that of dry sliding. This is because the
lubricant was likely to remain in an unlubricated state, so the asperity contact would
result in the same resisting force as dry contact against the sliding. Meanwhile, the
flow resistance from the lubricant itself exerted a comparable force against the
sliding. A similar increase occurred to the partially-lubricated system with 500
molecules under 0.25 GPa. However, under 1.0 GPa dry sliding produced the largest
friction force. This is because under a large load, the lubricant began to support the
load, which made less surface area under contact than dry sliding. Besides, the
resisting force from lubricant increased with the load at a lower rate than dry sliding
(see the dash line with cross and the solid line with square in Figure 5.22).
Consequently, the friction force of lubricated surfaces became smaller than dry
sliding under 1.0 GPa.
5.6

Conclusions

To better understand the surface contact in boundary lubrication, a molecular
dynamics simulation of 3D rough surface under dry contact and lubricated contact
was carried out and discussed in this chapter.

During compression, when surfaces were under dry contact, the surface roughness
played a crucial role in determining the contact area. A linear relationship between
contact area and load was found when surfaces had RMS 0.5 and 0.8 nm, but it
became non-linear when the RMS roughness decreased to 0.2 nm. Moreover, the
lubricant between the walls determined the extent to which the surfaces made contact.
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During dry sliding there was an obvious periodicity in the friction force due to the
repeated sliding cycles. Overall the friction force decreased with the sliding distance
because of surface flattening. In the presence of adhesion, when the contact area
reached 60% there was an obvious increase in the friction force, which meant the
adhesion came to play a dominant role in determining the friction. However, the
roughness continued to dominate the friction when RMS was large.

Compared to dry sliding, lubricated sliding, particularly partially-lubricated with 250
molecules, showed an increase in the friction force when the load was small. This is
because the asperity contact still behaved like the dry contact and the flow exerted a
resisting force comparable to that of dry sliding. As a result, the friction force
increased. However, this enhancement diminished when the load increased to 1.0
GPa as the supporting force from lubricant began to reduce the asperity contact, so
the friction force became smaller than dry sliding.

The observation in this chapter offered a compressive view on the dry sliding and
lubricated sliding at nano-scale. The effect of surface roughness, lubricant, and
surface adhesion force on friction and lubrication was discussed, which helped to
understand the mechanism of boundary lubrication at nano-scale. However, the solid
surfaces usually consist of atoms with charge, such as Fe2O3, while real lubricant is a
mixture of non-polar and polar molecules. Therefore, in Chapter 6 the effect of the
electrostatic interaction between surface and lubricant atoms was discussed.
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CHAPTER 6 CHARGED SURFACE AND POLAR LUBRICANT
6.1

Introduction

Real solid surfaces usually have surface atoms with charges, e.g. Fe2O3, which is
common in industrial applications. Moreover, commercial lubricants are usually
mixtures of different chemical compounds, which means their overall performance
depends on how each of its constituents behaves under all operating conditions.
Many industrial applications encounter molecular lubrication conditions during
critical operating periods, so the tribological performance of the lubricants should be
characterised and maintained under those conditions.

The lubricant most commonly used consists of fatty acids, mineral oils, ethoxylated
acids, and silicones, and they can be cationic, anionic, or non-ionic. Non-ionic
surfactants have been of great interest recently due to their numerous advantages
(Bhushan, 2001) such as good solubility in water and organic solvents, and
compatibility with most surfactants. Polyethylene oxide, known as PEO, is widely
used in manufacturing, and because of its high wetting and spreading ability, it can
form a uniform coating on contact surfaces which results in low friction and easy
cleaning. However, PEO usually has a large molecular weight, which in fact is far
away from the capability of MD simulation, so to better understand the lubricated
contact between surfaces, a specially designed MD model with short chain PEO and
n-alkanes was established to investigate the effect of surface charge and polar
molecules on friction and lubrication.
6.2

Model set-up

Pure iron usually has no charge for each atom, but in reality, a solid surface tends to
have a charge effect on the lubricant near the surfaces, particularly when the
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lubricant atoms have a charge. Berro (Berro, 2010) carried out thin film lubrication
with Fe2O3 surfaces and polar lubricant mixtures, and found that the charge on Fe
and O had a significant effect on the dynamic behaviour of polar molecules. To
extend the current thin film model and multi-asperity model, a charge was introduced
to the wall atoms. According to Berro’s work, the charge value for Fe in an oxide
state was 0.771 e. Because Fe was used to construct the wall, only positive charges
were considered in this work. The charged surfaces mean wall atoms with the charge
ranging from 0.25, 0.5, and 0.75 e. In this work, the charge interaction is calculated
with a cutoff distance at 0.9 nm. This is because the simulation box is non-periodic in
the x direction, which challenges the calculation of long-range Coulombic pairwise
interaction. Besides, a non-charged model was also carried out for comparison.

The thin film model and the multi-asperity model were used in this chapter, and since
the primary task was to investigate the charge effect on friction and lubrication, the
interaction between Fe atoms was still modelled through EAM potential, and the
interaction between upper and lower walls was described by LJ potential (k=1)
without the electrostatic term, i.e., the charge interaction only occurred to the liquidsolid interaction.

Figure 6.1 shows three short PEO used in this chapter. For the thin film model, the
base lubricant was n-alkanes (n=4, 8, 12, and 16) with 20000 atoms, and 40 PEO2
(two oxygen atoms in the backbone) molecules were used as the polar additive to
mix with the base lubricant (see other details about the thin film model in Figure 3.1).
Only 0.25 GPa was applied on the upper wall. For the multi-asperity model, the
surface roughness RMS 0.5 nm was used, and only PEO2, PEO4, and PEO6 were
used as the lubricant (see other details about the multi-asperity model in Figure 5.3).
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The loads ranging from 0.25, 0.5, 0.75, and 1.0 GPa were used for the multi-asperity
model.

(a) PEO2

(b) PEO4

(c) PEO6

Figure 6.1 Three short PEO used in this chapter. Colours mean different UA atoms: Oxygen (red),
CH3 (grey), and CH2 (purple). According to the number of oxygen, they are referring to PEO2,
PEO4, and PEO6.

The TraPPE-UA potential also covers the MD parameters for short chain PEO
(Stubbs et al. 2004; Ketko et al., 2008). The covalent bond stretching, angle bending
and torsion are presented by Eq. 2.12-2.14 with values in Table 6.1.
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Table 6.1 Potential parameters for short PEO and Fe.
LJ 12-6 potentials

σ (Å)

CH3

3.75

CH2

 (eV)

Mass(g/mol)

Charge (e)

0.008444

15.0351

0.25

3.95

0.003963

14.0272

0.25

O

2.80

0.004739

15.9994

-0.50

Fe*

2.321

  0.04097

55.8450

0, 0.25, 0.5, 0.75

(k=1)
Bond

K b (eV/ Å2)

r0 (Å)

C-C

22.5630

1.54

C-O

27.7658

1.41

Angle

K θ (eV/rad2)

C-C-C

5.3858

112

C-C-O

4.3345

112

C-O-C

5.2048

112

Dihedral

c 0 (eV)

c1 (eV)

c 2 (eV)

c3 (eV)

C-C-O-C

0.0

0.062505

-0.014110

0.048102

O-C-C-O

0.043365

0.0

-0.021682

0.086730

θ 0 (degrees)

*LJ parameters for Fe are just for the liquid-solid interaction. Atoms within the solid are
modelled through the EAM potential.

6.3

Charge effect on thin film lubrication

6.3.1 Migration of PEO molecules
PEO molecules were randomly mixed in n-alkanes, but because they had a polar
nature, the charges at each atom had an electrostatic interaction with the charged
surfaces. As a result, the interaction between walls and PEO2 included van der Waals
force and electrostatic force. The non-polar n-alkanes did not exhibit the electrostatic
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force with the charged surfaces. During sliding, the shear imposed on the thin film
not only rearranged the randomly distributed molecules of base lubricant, but also
helped PEO2 molecules to approach the surfaces. Typical system snapshots during
sliding are shown in Figure 6.2, which demonstrates how PEO2 migrated towards the
surfaces. In this figure, for clarity the n-alkanes were not shown.
(a)

(b)

t=0.0 ns

t=0.2 ns

(c)

t=0.4 ns

(d)

Figure 6.2 Side views of thin film model with the absence of base lubricant at different sliding
time. The number of PEO2 molecules is 40 and the surface charge is 0.5 e. (a) At beginning PEO2
molecules are randomly mixed in the base lubricant; (b) after sliding 0.2 ns, some PEO2
molecules get stuck to the surfaces; (c) after sliding 0.4 ns, all PEO2 molecules are firmly sticking
to the surfaces. The atom colour in (a), (b), (c) depends on molecular ID while in (d) the atom
type are used to colour atoms, i.e. oxygen (red), CH3(grey), and CH2 (purple). The oxygen atoms
are attracted by positive Fe atoms.

170

Chapter 6: Charged surface and polar lubricant

Figure 6.2a shows the initial position of the PEO2 molecules when randomly mixed
with the n-alkanes molecules. After 0.2 ns, some PEO2 molecules approached the
surfaces, and then after sliding 0.4 ns, as shown in Figure 6.2c, all PEO2 molecules
stuck to the surfaces. In Figure 6.2d, the oxygen atoms (red) of PEO2 molecules
stuck firmly to the surfaces due to the negative charge of oxygen atoms and the
positive charge applied onto the surface atoms. Berro et al. (2010) conducted a
confined thin film MD model with hexadecane as the base lubricant and 5% mass
concentration of C4-ZDDP as the additive. In their work the surfaces were
constructed by Fe2O3, so the charges at the additive molecules resulted in a long
range electrostatic interaction with the oxide surfaces. The C4-ZDDP molecules
migrated towards the Fe2O3 surfaces in a similar way observed in this work. The
main difference between this work and Berro’s work was that pure bcc iron with a
charge was used for the wall in this chapter while they used iron oxide. Although
iron oxide surfaces can represent real surfaces better, the interaction between Fe and
O atoms was described by a simple spring equation in Berro’s work, which was
inadequate to model severe surface contact in the multi-asperity model. Moreover, no
EAM potential has been published to model the plastic deformation of Fe2O3;
therefore, iron wall with added charges was considered in this work.

Figure 6.2c indicates that the amount of PEO2 (40 molecules) could not fully cover
the surfaces. The side view of the first explicit lubricant layer on the lower surface is
shown in Figure 6.3a, which observed that oxygen atoms were acting like a branch of
the layer and driving this layer with the sliding surfaces. The corresponding top view
shown in Figure 6.3b displayed how PEO2 molecules mixed with the base lubricant
in the boundary layers. In fact, different parts of long molecules, such as triblock
copolymer (PEO-PPO-PEO) have different affinities to surfaces. In an aqueous

171

Chapter 6: Charged surface and polar lubricant

solution PEO-PPO-PEO exhibits PPO block sticks to hydrophobic surfaces while
PEO block stretches to the bulk lubrication (Li et al., 2011).

(a)

(b)

Figure 6.3 (a) side view and (b) top view of the lower surface with the first explicit layer (0.4 nm
above the surface) of the base lubricant and the sticking PEO2 molecules. The surface charge is
0.5 e. The atom types are used to colour PEO2 atoms, i.e. oxygen (red), CH3 (grey), and CH2
(purple). The alkane molecules are shown with the color of grey.

6.3.2 Velocity profile
There was a large boundary slip between the lubricant and solid surfaces when the
liquid-solid interaction was weak (k=1), as shown in Figure 3.5. Savio et al. (2012)
found that surfaces with weaker interaction energies and commensurability resulted
in larger interfacial slip. However, this slip can be reduced dramatically when the
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atomic flat surface was replaced by a rough surface. Jabbarzadeh et al. (2000)
observed a significant decrease in interfacial slip when the flow of hexadecane was
confined between walls with sinusoidal roughness. As the surfaces became rougher
(period and amplitude), the velocity profile had a smaller interfacial slip. As Figure
6.3b shows 40 PEO2 molecules were not fully covered the solid surfaces, i.e., there
were some areas where the base lubricant made direct contact with the surfaces while
in other areas PEO2 molecules were stuck firmly to the surfaces. In fact these
adsorbed PEO2 molecules seemed to act like extra surface roughness and disturbed
the confined thin film during sliding.

Because the interfacial slip was sensitive to surface roughness, this extra surface
roughness can suppress interfacial slip, and thus increase the friction. Even with a
small surface roughness such as RMS 0.11 nm (Gao et al., 2000), the layering
structure and interfacial slip can be completely suppressed.
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Figure 6.4 Velocity profile of C8 base lubricant confined by surfaces with and without charges.

In Chapter 3, Figure 3.5 showed that in full film lubrication the chain length played
an important role in determining interfacial slip. The velocity profiles of base
lubricant C8 and C16 mixed with 40 PEO2 molecules are plotted in Figure 6.4 and
Figure 6.5, respectively. As expected, when confined by non-charged surfaces the
short chain (C8) exhibited a small interfacial slip while the long chain (C16) showed
a big slip. However, for all types of base lubricant, a non-slip condition occurred to
the charged surface model regardless of the charge values.
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Figure 6.5 Velocity profile of C16 base lubricant confined by surface with and without charges

6.3.3 Shear stress
Due to the reduction of the interfacial slip, the shearing momentum from the sliding
surfaces can be effectively transferred to the lubricant. For thin film lubrication with
two surfaces separated large enough (the cutoff distance was 0.9 nm), the shear stress
was only the resisting force from the lubricant, which was the case in this chapter. As
Figure 6.6 shows, the shear stress remained almost the same for the model with C4 at
all charges. This is because even confined by non-charged surfaces, the boundary
layers of C4 lubricant can completely stick to the sliding surfaces. As a result the
adsorbed PEO2 molecules did not increase the shear stress. In thin film lubrication,
when there was no slip, the maximum stress of n-alkanes depended on the chain
length. For non-charged surfaces, PEO2 molecules were mixed with C4. The chain
length of PEO2 was comparable to C4, and the amount of PEO2 molecules was quite
small compared to the base lubricant, so the maximum stress was mainly determined
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by the C4 base lubricant. For the charged surfaces, all PEO2 molecules were sticking
to the surfaces, resulting in non-slip at interface; therefore the maximum stress
depended on the C4 base lubricant. Consequently, the stress of C4 lubricant did not
change with the increase of the surface charge (see the black squares in Figure 6.6)
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Figure 6.6 Shear stress as a function of charge values.

In contrast, the shear stress of longer chain n-alkane increased with charges. Starting
with C8, when confined by non-charged surfaces (zero charge in Figure 6.6) the
shear stress shows a small value compared with that from charged surfaces. This is
because, take C8 for example, there was a slight interfacial slip as shown in Figure
6.4, so the maximum shear stress was not reached. However, the adsorbed PEO2
molecules (extra surface roughness) helped the surfaces to shear the lubricant (no
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interfacial slip), thereby reaching the maximum shear stress. When larger charges
(0.5 and 0.75 e) were applied, greater increase was observed for C12 and C16.

As Figure 6.3b shows, 40 molecules of PEO2 could not fully cover the surfaces, so
reducing the amount of PEO2 molecules may affect the charge effect on thin film
lubrication. As the adsorbed molecules played the same role as nano-asperity, less
PEO2 molecules meant smaller surface roughness. To show the effect of the amount
of PEO2 molecules, different numbers of PEO2 molecules ranging from 5 to 40 were
used to mix with C16 base lubricant while the surface charge was set at 0.5 e.
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Figure 6.7 Velocity profile of C16 with different amount of PEO2.

The velocity profile of C16 lubricant with different amount of PEO2 molecules was
plotted in Figure 6.7. It shows that even 5 PEO2 molecules could suppress the
interfacial slip while with more PEO2 molecules the C16 lubricant was fully sheared.
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This observation proves that when thin film is confined by rough surface, even a
small roughness can suppress interfacial slip (Gao et al., 2000).
6.4

Charge effect on multi-asperity contact

In Chapter 5 it was found that the amount of lubricant determines the extent of
asperity contact. When the number of lubricant molecules was small, such as 250
C16 molecules confined by surfaces with RMS 0.5 nm, the lubricated surfaces
behaved like dry contact. With a weak liquid-solid interaction, boundary layers
cannot stick firmly to surfaces. In other words, these layers cannot well protect
surfaces. In 6.3, short PEO molecules showed a strong affinity to charged surfaces.
In industrial applications, the coated layer on surfaces actually bears the external load,
which prevents direct asperity contact and reduces wear. To better understand the
effect of polar lubricant on the charged surface contact during surface sliding, a 3D
multi-asperity model with positive charge on surface atoms was used in this section.
6.4.1 Compression
Because the chain length is playing an important role during squeezing, short chain
PEO with three different lengths were used as the lubricant between rough surfaces
(no base n-alkanes lubricant). According to the oxygen number in the backbone,
these short chains were referred to as PEO2, PEO4, and PEO6, and the surface
charge was set at 0.5 e. The number of atoms used for PEO lubricant was set at 4000,
so the terms PEO2-4000, PEO4-4000, and PEO6-4000 referred to PEO2, PEO4, and
PEO6 with 4000 atoms.

178

Chapter 6: Charged surface and polar lubricant

9.0
8.8

System Height (nm)

8.6

Non-Charged Surfaces
Dry Contact at 250MPa
PEO2 at 250MPa
PEO4 at 250MPa
PEO6 at 250MPa

8.4
8.2
8.0
7.8

free compression

limited compression

7.6
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Time (ns)
Figure 6.8 System heights of dry contact and non-charged surfaces with different PEO under 0.25
GPa.

Initially, PEO molecules were placed between surfaces with enough room for them
to relax and approach the surfaces. Under a normal load, the upper and lower
surfaces moved against each other (the displacement limit in z-direction was also
applied here). Dry contact and non-charged models were also carried out for
comparison. The system height of non-charged models with 4000 PEO atoms is
plotted in Figure 6.8. As expected, this amount of lubricant could not fill the space
formed by upper and lower surfaces, which resulted in the same system height at
equilibrium. The step-like behaviour of the system heights of PEO4 and PEO6 came
from the flowing behaviour of lubricant around the contacting asperities. In other
words, the PEO atoms were more or less evenly distributed on the upper and lower
surfaces before the contact occurred. When the dominant asperities made contact,
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PEO2 was more easily squeezed out the contacting interface than PEO4 and PEO6.
This resulted in a smaller reduction rate of the system height for longer chain PEO
when dominant asperities came to contact. Moreover, PEO6 was expected to have a
slower rate than PEO4, but Figure 6.8 shows a reverse trend. This may be because of
initial distribution of PEO on dominant asperities before surfaces came to contact.
Another crucial point is that the 3D confinement was quite different from the 2D
model in Chapter 4 and other’s work (Sivebaek et al., 2003). The 3D surface
asperities formed a more reasonable contacting geography which could weaken the
effect of chain length on asperity contact. This is because when lubricant was
confined by 3D asperities, it can be squeezed out in x and y directions, whereas the
2D model in Chapter 4 only allowed atoms to move away from contacting interface
in x-direction (see Figure 4.6a and b).
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Figure 6.9 System heights of charged surfaces with PEO2 under different normal loads. The data
of non-charged surfaces is presented for comparison.

180

Chapter 6: Charged surface and polar lubricant

When the charged surfaces were used, the contact behaviour changed totally. The
strong electrostatic interaction enabled PEO molecules to remain in their relative
position on surfaces and avoid direct asperity contact. Figure 6.9 shows that charged
surfaces were separated more than non-charged surfaces. Under 0.25 GPa, charged
surfaces increased the system height by around 0.6 nm which was larger than the
normal layer interval (0.4 nm) observed in Chapter 3 (see Figure 3.3). This meant
there was at least one small layer of PEO between the contacting interfaces. As the
normal load increased, the system height at compression equilibrium decreased, and
even under the largest load (1.0 GPa), this height was larger than the non-charged
surface under 0.25 GPa.
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Figure 6.10 System height of charged model as a function of load after compression.

Since the chain length of PEO varied from 2 to 6, its effect on the system height after
compression was also investigated. As Figure 6.10 shows, the height difference from
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chain length became significant when the load was small (0.25 GPa), whereas the
height for models under larger loads (from 0.5 GPa) was the same. The main reason
is that with a strong interaction (charge at 0.5 e), the thin layer of PEO6 located at
dominant asperities tended to remain intact because the longer PEO chain had more
negative sites (oxygen atoms) attracted by positive surfaces, which stabilised the
whole chain. However, PEO2 and PEO4 were more likely to be squeezed out
because it had less oxygen atoms to hold the relative positive at the contacting
interface even under 0.25 GPa. When a large load was applied, PEO6 was also
squeezed out, so the system height became almost the same.
6.4.2 Sliding
From the previous discussion in 6.4.1, PEO molecules acted like a coated layer on
the contacting surfaces. In order to show how this layer affected surface contact, a
sliding speed at 20m/s was applied on the upper and lower walls (see detail in Figure
5.3). The PEO6-4000 was used as the example lubricant to demonstrate this effect.
The sliding of dry contact and non-charged surfaces were also carried out for
comparison.
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Figure 6.11 Contact areas as a function of sliding distance. The charged and non-charged
surfaces were lubricated by PEO6-4000, and the dry sliding is plotted for comparison. The lines
with symbols are instantaneous values while the thick solid line represents the averaging value
for dry sliding, and the thick dashed line for non-charged surfaces lubricated by PEO6-4000.

Figure 6.11 shows the contact area as a function of sliding distance. Comparing the
dry sliding and lubricated sliding of non-charged surfaces, the difference of contact
area between these two cases became large with the sliding distance. However,
Figure 6.8 shows that the initial contact conditions (before sliding) were the same for
dry contact and non-charged surfaces under 0.25 GPa, i.e., same system height at
equilibrium. During sliding, surface asperities were flattened by the direct asperity
contact, resulting in an increasingly close distance between upper and lower surfaces.
With a decreasing space for PEO6-4000, the lubricant gradually came to support the
load, so the increasing rate of the contact area became smaller than dry sliding.

183

Chapter 6: Charged surface and polar lubricant

Finally, the difference became large. Moreover, the charged surfaces lubricated by
PEO6-4000 exhibited a totally different behaviour; the contact area decreased
dramatically, which indicated that the rough surfaces were almost separated by
PEO6-4000 during sliding.

(a)

(b)

(c)

(d)

Figure 6.12 a snapshot of (a) non-charged model and (c) charged model lubricated by PEO64000 during sliding. The corresponding top views of the lubricant molecules are plotted in (b)
and (d), respectively.

A typical snapshot of charged surfaces with PEO6-4000 during sliding is plotted in
Figure 6.12a and c. In Figure 6.12a the lubricant molecules just filled the gap
between the surfaces, but due to the relatively weak adhesion of PEO (LJ potential)
to the surfaces, they were squeezed and accumulated in large spaces between the
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surfaces (see Figure 6.12b). In contrast, the charged surfaces can firmly attract PEO6
molecules. In Figure 6.12c it seems that the lubricant behaved like a coated layer
protecting the surfaces. Moreover, the top view of this layer indicates that these
molecules distributed evenly on the surfaces, as shown in Figure 6.12d.

Because the charged surfaces were almost separated by the lubricant, the friction
between the walls would be significantly affected by this layer. The friction force
corresponding to Figure 6.11 is plotted in Figure 6.13. The non-charged model
exhibited a larger friction force than the dry sliding model, mainly because of the
extra resisting force from the lubricant. This result has been discussed in detail from
surfaces lubricated with hexadecane in Chapter 5. Besides, the charged model had
quite a small friction force with an obvious and stable periodicity due to the repeated
sliding (periodic boundary). For the non-charged model this periodicity decayed with
the sliding distance because the sliding flattened the surface asperities, and then the
friction decreased. Moreover, the lubricant molecules that flowed between the
surfaces and accumulated at prominent valleys also helped to reduce the periodicity.
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Figure 6.13 Friction force as a function of sliding distance, which is corresponding to Figure 6.11.
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Figure 6.14 Friction force as a function of sliding distance. Four different loads are applied on to
the charged surfaces with PEO6-4000.

186

Chapter 6: Charged surface and polar lubricant

Larger loads (0.5, 0.75, and 1.0 GPa) were also applied onto the top wall. The
friction force as a function of sliding distance under different normal loads is plotted
in Figure 6.14. With this increase in load, the variation of friction force became
obvious. However, because the firmly sticking PEO protected the surface topography,
the periodicity remained the same.

The effect of chain length on the sliding of non-charged and charged surfaces was
also discussed. As Figure 6.15 shows, non-charged surfaces with PEO exhibited a
large friction force due to the combing contribution from asperity contact and
lubricant shearing. For non-charged surfaces, the friction force increased with the
chain length (see the Arrow 1 in Figure 6.15), which was consistent with the
observation from thin film lubrication that a longer chain had a high shear stress
(Savio et al., 2012)
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Figure 6.15 Averaging friction forces at equilibrium as a function of normal load. The arrows
indicate the different effect of chain length on charge and non-charge models.
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On contrast, the chain length had a different effect on the friction force of charged
surfaces. Owing to the adsorbed layer separating the surfaces, the friction force of
charged surfaces was quite small, and it also increased with the normal load. More
importantly, PEO6 exhibited a smaller friction force than PEO4 and PEO2,
particularly under a large load (see the Arrow 2 in Figure 6.15). As shown in Figure
6.12c and d, the sliding of charged surfaces were actually contacting through PEO
layers. Since individual PEO6 molecules were more strongly attracted by the charged
surfaces, they were more invulnerable against asperity squeezing, which reduced
direct contact (direct contact may occur under a large load with short chain PEO) and
then friction.
6.5

Conclusions

Real lubricant is usually a mixture of polar and non-polar molecules, and surfaces in
industrial applications may have surface atoms with charges. To better understand
the electrostatic interaction between confining surfaces and polar lubricant, an MD
simulation of charged Fe walls with PEO and n-alkanes as the lubricant was carried
out.

In thin film lubrication, positive charges ranging from 0.25, 0.5, and 0.75 were
placed on surface atoms. When 40 PEO2 molecules were introduced into the base
lubricant of n-alkanes, PEO2 were sticking to surfaces, acting like extra surface
roughness. As a result the interfacial slip, particularly for long chain n-alkanes, was
dramatically suppressed. Besides, the number of PEO2 molecules was varied from 5
to 40 to investigate the amount of polar additive on interfacial slip, and the results
showed that a small amount of PEO2 can significantly reduce interfacial slip.
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PEO molecules were also placed between charged multi-asperity surfaces. Compared
to non-charged surfaces where the amount of lubricant and surface roughness
determined the friction, the charged surface firmly attracted PEO molecules, thereby
forming a layer like a coated layer. It was this layer that separated surface asperities.
Even under a large load (1 GPa), this layer still remained intact during sliding, so the
friction force decreased.
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CHAPTER 7 CONCLUSIONS AND FUTURE WORK
7.1 Conclusions
In this thesis MD simulations of thin film lubrication and lubricated surface contact
were carried out to investigate boundary lubrication at nano-scale. The models
covered atomic flat surfaces, surfaces with single asperity and 3D self-affine
roughness.

Chapter 3 described the model of full film lubrication down to one layer lubrication
to show how the molecular chain length and branch affected boundary flow and
friction. By reducing the amount of lubricant, the work in this chapter discussed the
ultra thin film lubrication before direct surface contact occurred. Generally, the
liquid-solid interaction and the structure of lubricant molecule determined the
interfacial slip (e.g., weak liquid-solid interaction and linear short n-alkanes
displayed an obvious interfacial slip). Moreover, a unique bi-layer structure of
lubricant was observed, which resulted in a low friction force. This is because there
were no bridging molecules.

Surface contact usually occurs because the confined lubricant is squeezed out from
the contacting interface, so in Chapter 4 a lubricated single asperity contact was
modelled and revealed that longer chain molecules can maintain a stable monolayer
to separate the asperity surfaces. This result agreed with the experimental
observation that the diameter of the wear scar decreased as the length of n-alkanes
increased (Wei et al., 1999). Although the lubricated single asperity contact offered a
basic perspective on understanding surface contact at nano-scale, real surfaces
usually have a roughness at all length scales; therefore, lubricated multi-asperity

190

Chapter 7: Conclusions and future work

contact was discussed in Chapter 5. During dry sliding there was an obvious
periodicity in the friction force due to the repeated sliding cycles, and overall, the
friction force decreased with the sliding distance due to the surface flattening. With
the presence of adhesion, there was an obvious increase in the friction force when the
contact area reached 60%, which meant that adhesion became a dominant factor in
determining the friction. However, the roughness continued to dominate the friction
force when there was no adhesion. Compared to dry sliding, the lubricated sliding,
particularly partially-lubricated sliding, showed an increase in the friction force when
the load was small (0.25 GPa). This is because the friction force of the partially
lubricated asperity contact consists of asperity contact and lubricant shearing.
Consequently, the friction force increased. However, this increase diminished when
the load rose or the surfaces were lubricated with more molecules (fully lubricated).
This is because in these situations the supporting force from the lubricant began to
reduce the asperity contact, so the friction force was smaller than the dry contact.
The lubricated multi-asperity model revealed that the friction force depended on the
surface roughness, the amount of lubricant, and the adhesion force.

Furthermore, real lubricant is usually a mixture of polar and non-polar molecules,
and surfaces in industrial application may have surface atoms with charges due to
surface oxidation. In order to understand the effect of electrostatic interaction
between confining surfaces and polar lubricant, MD simulations of charged surfaces
with polar (PEO) and non-polar molecules (n-alkanes) as the lubricant was carried
out in Chapter 6. In thin film lubrication PEO2 was sticking to the surfaces and
acting like extra surface roughness, which dramatically suppressed interfacial slip.
However, only PEO molecules were placed between charged multi-asperity surfaces.
Compared to non-charged surfaces where the amount of lubricant and surface
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roughness determined friction force, the charged surface firmly attracted PEO
molecules which formed a stable adsorbed layer that separated the surface asperities
and then lowered the friction force.

7.2 Future Work
Although the work in this thesis provides an enlightened view on the mechanism of
boundary lubrication at nano-scale, there are many directions that could be explored
with the current models to gain a better understanding of friction and lubrication:
1) Metal oxide surfaces could replace the current pure iron surfaces (e.g., Fe2O3),
and the liquid-solid interaction should be described by a more advanced
potential, such as ReaxFF (Aryanpour et al., 2010, Van Duin et al., 2001), which
enables the simulation to explore the physical and chemical interactions.
2) The effect of lubricant in this work only considered a limited range of operating
conditions, so a wider range of conditions (sliding speed, normal load, and
temperature) could be investigated in the future.
3) The 3D surface roughness described in Chapter 5 was generated with a single
random seed, and the system domain was small; therefore, the number of
asperities, particularly dominant asperities, was small, which was not enough to
catch the general trend for rough surface contact. A larger system with more
surface asperities is needed to better understand the lubricated surface contact at
micro/nano-scale in the future.
4) Longer chain PEO molecules, or even triblock copolymer, could be placed
between surfaces to explore/evaluate the performance of real potential lubricant.
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APPENDIX SIMULATION SCRIPT
##########################################################
###########

Multi-aspeirty conact MD input script

##########

##########################################################
variable vNevery

equal 1

variable vNrepeat

equal 100

variable vNfreq

equal 500

variable vThermoStep

equal 2000

#

Thermo output step

variable vRestartStep

equal 50000

#

Restart file output step

variable vDumpCustomStep equal 20000 #

DumpCustom output step

variable vDumpDcdStep equal 20000

DumpDcd output step

#

variable

vFixStep

variable

vPushStepLimit equal 100000

variable

vPushStep

equal 100000

variable

vShearStep

equal 1300000

variable vEpFe_input

equal 100000

equal 0.04097908395*0.5 # Fe LJ epsilon parameter

variable vReadData_input string Fe_rms8_seed3_C16_0250.lammps05 # Data file
#####################################################################
# 250MPa = 0.0063607480
# 500MPa = 0.0127214960
# 750MPa = 0.0190822440
#1000MPa = 0.0254429920
###############

loopForce

############################

variable vForce index 0.0127214960 # External load
label

forloopforce

###############

loopShear

#############################

variable vShear index 0.1 # (0.1 Angstroms/picosecond = 10m/s ) sliding speed
label

forloopshear

###############

looptemp

#############################

variable vTemp index 300 # Temp 300K
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label

forlooptemp

##################################################
clear
dimension

3

boundary

pps

units

metal

atom_style

full

neighbor

2.0 bin

neigh_modify

every 1 delay 5 check yes

############ PAIRE ############
pair_style

hybrid eam/fs lj/cut 10

pair_modify

shift yes mix arithmetic

bond_style

harmonic

angle_style

harmonic

dihedral_style newopls
############# READ DATA ########
read_data

${vReadData_input}

############# MASS #############
mass 1 15.03515 # CH3
mass 2 14.02715 # CH2
mass 3 55.84700 # LOW FIXED
mass 4 55.84700 # LOW THERMO
mass 5 55.84700 # LOW ASP
mass 6 55.84700 # Hi ASP
mass 7 55.84700 # Hi THERMO
mass 8 55.84700 # Hi FIXED
############### DEFINE GROUP ################
group

gFlow

type 1 2

group

gLoFix type 3

group

gLoWaMob type 4

group

gLoAsp type 5

group

gHiFix

group

gHiWaMob type 7

type 8
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group

gHiAsp type 6

group

gHiWall

union gHiFix gHiWaMob gHiAsp

group

gLoWall

union gLoFix gLoWaMob gLoAsp

group

gWall

group

gHiFixHiWaMob union gHiFix gHiWaMob

group

gLoFixLoWaMob union gLoFix gLoWaMob

group

gBd union gHiFix gLoFix

group

gAsp union gHiAsp gLoAsp

union gHiWall gLoWall

##GROUPS FOR SPECIFIC CALCULATION##
group

gAllexBd subtract all gBd

group

gHiWallexHiFix subtract gHiWall gHiFix

group

gLoWallexLoFix subtract gLoWall gLoFix

#groups for group/group calculation
group

gAllexHiFixHiWaMob subtract all gHiFixHiWaMob

group

gAllexHiFix subtract all gHiFix

group

gAllexLoFixLoWaMob subtract all gLoFixLoWaMob

group

gAllexLoFix subtract all gLoFix

group

gAllexHiWall subtract all gHiWall

############# VARIABLE FOR PAIR ##################
################# Wall
variable vEpFe

equal ${vEpFe_input}

variable vSigFe equal 2.321
################ Flow
##water
variable vEpOw equal 0.007058
variable vSigOw equal 3.164350
variable vEpHw equal 0.000000
variable vSigHw equal 0.000000
##polymer
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variable vEpCH3 equal 0.0084449
variable vSigCH3 equal 3.7500000
variable vEpCH2 equal 0.0039639
variable vSigCH2 equal 3.9500000
############## Fe CH3 CH2 ##################
variable vEpFeCH3 equal (${vEpFe}*${vEpCH3})^0.5
variable vSigFeCH3 equal (${vSigFe}+${vSigCH3})/2
variable vEpFeCH2 equal (${vEpFe}*${vEpCH2})^0.5
variable vSigFeCH2 equal (${vSigFe}+${vSigCH2})/2
############# Fe WATER ####################
variable vEpFeOw equal (${vEpOw}*${vEpFe})^0.5
variable vSigFeOw equal (${vSigOw}+${vSigFe})/2
variable vEpFeHw equal (${vEpHw}*${vEpFe})^0.5
variable vSigFeHw equal (${vSigHw}+${vSigFe})/2
############ CH3 CH2 WATER ################
variable vEpOwCH3 equal (${vEpOw}*${vEpCH3})^0.5
variable vSigOwCH3 equal (${vSigOw}+${vSigCH3})/2
variable vEpOwCH2 equal (${vEpOw}*${vEpCH2})^0.5
variable vSigOwCH2 equal (${vSigOw}+${vSigCH2})/2

variable vEpHwCH3 equal (${vEpHw}*${vEpCH3})^0.5
variable vSigHwCH3 equal (${vSigHw}+${vSigCH3})/2
variable vEpHwCH2 equal (${vEpHw}*${vEpCH2})^0.5
variable vSigHwCH2 equal (${vSigHw}+${vSigCH2})/2
############# PAIR COEFF
pair_coeff

####

* * eam/fs /home/xz992/lammps-31Aug11/potentials/Fe_mm.eam.fs NULL

NULL Fe Fe Fe Fe Fe Fe
pair_coeff

11

lj/cut ${vEpCH3} ${vSigCH3} #CH3 CH3

pair_coeff

22

lj/cut ${vEpCH2} ${vSigCH2} #CH2 CH2

pair_coeff

1 3*8 lj/cut ${vEpFeCH3} ${vSigFeCH3} #CH3 Fe

pair_coeff

2 3*8 lj/cut ${vEpFeCH2} ${vSigFeCH2} #CH2 Fe

pair_coeff

56

lj/cut ${vEpFe} ${vSigFe} 10.0

############# BOND COEFF ####
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bond_coeff

1 19.51397 1.54

bond_coeff

2 19.51397 1.54

############# ANGLE COEFF ####
angle_coeff

1 2.692920 114.00

angle_coeff

2 2.692920 114.00

############# DIHEDRAL COEFF####
dihedral_coeff 1 0.061188 -0.011752 0.136381 0 # k4 for constant
dihedral_coeff 2 0.061188 -0.011752 0.136381 0 # k4 for constant
############# MINIMIZE NOT FOR RESTART ####################
minimize

1.0e-4 1.0e-6 1000 10000

reset_timestep

0

############## INITIAL TEMP NOT FOR RESTART #################
velocity all create ${vTemp} 4928459 dist gaussian loop geom
velocity gBd set 0.0 0.0 0.0 units box

timestep 0.002
variable vStep equal step
#################################################################
######### All Dimension

##########

#################################################################
variable vDxminAll equal bound(all,xmin)
variable vDxmaxAll equal bound(all,xmax)
variable vDyminAll equal bound(all,ymin)
variable vDymaxAll equal bound(all,ymax)
variable vDzminAll equal bound(all,zmin)
variable vDzmaxAll equal bound(all,zmax)
variable vLenXdAll equal (v_vDxmaxAll-v_vDxminAll)
variable vLenYdAll equal (v_vDymaxAll-v_vDyminAll)
variable vLenZdAll equal (v_vDzmaxAll-v_vDzminAll)
#################################################################
######### Flow Dimension

##########

#################################################################
variable vDxminFlow equal bound(gFlow,xmin)
variable vDxmaxFlow equal bound(gFlow,xmax)

197

Appendix Simulation script

variable vDyminFlow equal bound(gFlow,ymin)
variable vDymaxFlow equal bound(gFlow,ymax)
variable vDzminFlow equal bound(gFlow,zmin)
variable vDzmaxFlow equal bound(gFlow,zmax)
variable vLenXdFlow equal (v_vDxmaxFlow-v_vDxminFlow)
variable vLenYdFlow equal (v_vDymaxFlow-v_vDyminFlow)
variable vLenZdFlow equal (v_vDzmaxFlow-v_vDzminFlow)
##temp for gHiWallexHiFix gLoWallexLoFix
compute

cT3dProHiWallexHiFix gHiWallexHiFix temp/profile 1 1 1 xyz 1 1 1

compute

cT3dProLoWallexLoFix gLoWallexLoFix temp/profile 1 1 1 xyz 1 1 1

##temp for gHiWaMob gLoWaMob
compute

cT3dProHiWaMob gHiWaMob temp/profile 1 1 1 xyz 1 1 1

compute

cT3dProLoWaMob gLoWaMob temp/profile 1 1 1 xyz 1 1 1

##temp for gHiAsp gLoAsp
compute

cT3dProHiAsp gHiAsp temp/profile 1 1 1 xyz 1 1 1

compute

cT3dProLoAsp gLoAsp temp/profile 1 1 1 xyz 1 1 1

##temp for gFlow
compute

cT3dProFlow gFlow temp/profile 1 1 1 xyz 10 10 5

##################################################
############### compute group/group #############
##################################################
##FORCE ON gHiWall
compute

cfHiWall5

gHiWall

group/group gAllexHiWall

##FORCE ON gHiFixHiWaMob
compute

cfHiFixHiWaMob5

gHiFixHiWaMob group/group

gAllexHiFixHiWaMob
##FORCE ON gFlow from gFlow
compute

cfFlow5Flow

gFlow

group/group gFlow

##################################################
############# compute stress/atom ###############
##################################################
#All
compute

cStAtAll

all

stress/atom virial

compute

cStAtFlow

gFlow stress/atom virial
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compute

cStAtWall

gWall stress/atom virial

variable vVonMisesAll atom sqrt(((c_cStAtAll[1]-c_cStAtAll[2])^2+(c_cStAtAll[1]c_cStAtAll[3])^2+(c_cStAtAll[2]c_cStAtAll[3])^2+6.0*(c_cStAtAll[4]^2+c_cStAtAll[5]^2+c_cStAtAll[6]^2))/2)

variable vVonMisesWall atom sqrt(((c_cStAtWall[1]-c_cStAtWall[2])^2+(c_cStAtWall[1]c_cStAtWall[3])^2+(c_cStAtWall[2]c_cStAtWall[3])^2+6.0*(c_cStAtWall[4]^2+c_cStAtWall[5]^2+c_cStAtWall[6]^2))/2)

variable vVonMisesFlow

atom sqrt(((c_cStAtFlow[1]-

c_cStAtFlow[2])^2+(c_cStAtFlow[1]-c_cStAtFlow[3])^2+(c_cStAtFlow[2]c_cStAtFlow[3])^2+6.0*(c_cStAtFlow[4]^2+c_cStAtFlow[5]^2+c_cStAtFlow[6]^2))/2)

##################################################
############# compute lattice

###############

##################################################
#cna/atom
compute

cCnaWall gWall cna/atom 3.446376068 # BCC:1.207*2.855324

##################################################
#############

compute energe ###############

##################################################
compute

cPeAtAll all pe/atom

compute

cKeAtAll all ke/atom

compute

cPeAtFlow gFlow pe/atom pair

compute

cRedPeFlow gFlow reduce sum c_cPeAtFlow

############################################################
#############

OUTPUT

##############################

############################################################
############################################################
##########

TEMP

##############################

############################################################
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fix

fAveTiAllTemp all

ave/time ${vNevery} ${vNrepeat} ${vNfreq}

c_cT3dProFlow c_cT3dProLoAsp c_cT3dProHiAsp c_cT3dProHiWaMob c_cT3dProLoWaMob
ave one file output_temp.PushForce${vForce}_Shear${vShear}_Temp${vTemp}
############################################################
##########

Flow

##################################

############################################################
fix

fAvtTiFlow

all

ave/time ${vNevery} ${vNrepeat}

${vNfreq} v_vLenZdAll v_vLenZdFlow c_cRedPeFlow c_cfFlow5Flow c_cfFlow5Flow[1]
c_cfFlow5Flow[2] c_cfFlow5Flow[3] ave one file
output_flow_data.PushForce${vForce}_Shear${vShear}_Temp${vTemp}
############################################################
#########

HiWall

##############################

############################################################
fix

fAveTiHiWall all

ave/time ${vNevery} ${vNrepeat} ${vNfreq}

c_cfHiWall5[1] c_cfHiWall5[2] c_cfHiWall5[3] ave one file
output_force_HiWall.PushForce${vForce}_Shear${vShear}_Temp${vTemp}
############################################################
#########

HiFixHiWaMob

#############

############################################################
fix

fAveTiHiFixHiWaMob all

ave/time ${vNevery} ${vNrepeat} ${vNfreq}

c_cfHiFixHiWaMob5[1] c_cfHiFixHiWaMob5[2] c_cfHiFixHiWaMob5[3] ave one file
output_force_HiFixHiWaMob.PushForce${vForce}_Shear${vShear}_Temp${vTemp}
############################################################
##########

fix ave/atom

##################

############################################################
fix

fAveAtom all

ave/atom ${vNevery} ${vNrepeat} ${vNfreq} vx vy

vz c_cPeAtAll c_cKeAtAll c_cStAtAll[1] c_cStAtAll[2] c_cStAtAll[3] c_cStAtAll[4]
c_cStAtAll[5] c_cStAtAll[6] v_vVonMisesAll v_vVonMisesFlow v_vVonMisesWall

fix

fAveAtomLoAsp

gLoAsp

ave/atom ${vNevery} ${vNrepeat}

gHiAsp

ave/atom ${vNevery} ${vNrepeat}

${vNfreq} x y z vx vy vz fx fy fz

fix

fAveAtomHiAsp

${vNfreq} x y z vx vy vz fx fy fz
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fix

fAveAtomFlow gFlow

ave/atom ${vNevery} ${vNrepeat} ${vNfreq}

x y z vx vy vz fx fy fz
#####################################################
############ layer's property ############################
#####################################################
fix

fSpaFlow gFlow ave/spatial

${vNevery} ${vNrepeat} ${vNfreq} x 0.0 1.0

y 0.0 1.0 z 0.0 0.02 vx vy vz density/mass density/number units reduced norm sample ave one
file output_flow_Zlays.PushForce${vForce}_Shear${vShear}_Temp${vTemp}

fix

fSpaFlow_long

gFlow

ave/spatial

1 325000 325000 x

0.0 1.0 y 0.0 1.0 z 0.0 0.02 vx vy vz density/mass density/number units reduced norm sample ave
one file output_flow_Zlays_long.PushForce${vForce}_Shear${vShear}_Temp${vTemp}
#######################################################################
###############

THERMO OUTPUT

#############################

#######################################################################
thermo

${vThermoStep}

restart

${vRestartStep}

restart.*.PushForce${vForce}_Shear${vShear}_Temp${vTemp}

dump

dumpAllCustom all custom ${vDumpCustomStep}

output_DumpAllCustom.PushForce${vForce}_Shear${vShear}_Temp${vTemp}.lammpstrj id
type xu yu zu f_fAveAtom[1] f_fAveAtom[2] f_fAveAtom[3] f_fAveAtom[4] f_fAveAtom[5]
f_fAveAtom[6] f_fAveAtom[7] f_fAveAtom[8] f_fAveAtom[9] f_fAveAtom[10]
f_fAveAtom[11] f_fAveAtom[12] f_fAveAtom[13] f_fAveAtom[14] c_cCnaWall

dump_modify

dumpAllCustom format

"%6d %6d %12.6g %12.6g %12.6g %12.6g %12.6g %12.6g %12.6g %12.6g %12.6g %12.6g %
12.6g %12.6g %12.6g %12.6g %12.6g %12.6g %12.6g %12.6g"
dump_modify

dumpAllCustom sort id

dump

dumpLoAspCustom gLoAsp custom ${vDumpCustomStep}

output_DumpLoAspCustom.PushForce${vForce}_Shear${vShear}_Temp${vTemp}.lammpstrj
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id type x y z f_fAveAtomLoAsp[4] f_fAveAtomLoAsp[5] f_fAveAtomLoAsp[6]
f_fAveAtomLoAsp[7] f_fAveAtomLoAsp[8] f_fAveAtomLoAsp[9] f_fAveAtom[8]
dump_modify

dumpLoAspCustom format

"%6d %6d %12.6g %12.6g %12.6g %12.6g %12.6g %12.6g %12.6g %12.6g %12.6g %12.6g"
sort id

dump

dumpHiAspCustom gHiAsp custom ${vDumpCustomStep}

output_DumpHiAspCustom.PushForce${vForce}_Shear${vShear}_Temp${vTemp}.lammpstrj
id type x y z f_fAveAtomHiAsp[4] f_fAveAtomHiAsp[5] f_fAveAtomHiAsp[6]
f_fAveAtomHiAsp[7] f_fAveAtomHiAsp[8] f_fAveAtomHiAsp[9] f_fAveAtom[8]

dump_modify

dumpHiAspCustom format

"%6d %6d %12.6g %12.6g %12.6g %12.6g %12.6g %12.6g %12.6g %12.6g %12.6g %12.6g"
sort id

dump

dumpFlowCustom gFlow custom ${vDumpCustomStep}

output_DumpFlowCustom.PushForce${vForce}_Shear${vShear}_Temp${vTemp}.lammpstrj id
type x y z f_fAveAtomFlow[4] f_fAveAtomFlow[5] f_fAveAtomFlow[6] f_fAveAtomFlow[7]
f_fAveAtomFlow[8] f_fAveAtomFlow[9] f_fAveAtom[8]
dump_modify

dumpFlowCustom format

"%6d %6d %12.6g %12.6g %12.6g %12.6g %12.6g %12.6g %12.6g %12.6g %12.6g %12.6g"
sort id

dump

dumpAllDcdUnWrap all dcd ${vDumpDcdStep}

output_DumpAllDcdUnWrap.PushForce${vForce}_Shear${vShear}_Temp${vTemp}.dcd
dump_modify

dumpAllDcdUnWrap unwrap yes

dump

dumpAllDcdWrap all dcd ${vDumpDcdStep}

output_DumpAllDcdWrap.PushForce${vForce}_Shear${vShear}_Temp${vTemp}.dcd

##############################################################################
###########

FIX NO PUSH JUST RELEX

###########################

##############################################################################
fix

fSetFoHiFix gHiFix setforce 0.0 0.0 0.0
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fix

fSetFoLoFix gLoFix setforce 0.0 0.0 0.0

fix

fNveBd gBd nve

fix

fNvtHiWallexHiFix gHiWallexHiFix nvt temp ${vTemp} ${vTemp} 0.1

fix_modify

fNvtHiWallexHiFix temp cT3dProHiWallexHiFix

fix

fNvtLoWallexLoFix gLoWallexLoFix nvt temp ${vTemp} ${vTemp} 0.1

fix_modify

fNvtLoWallexLoFix temp cT3dProLoWallexLoFix

fix

fNveFlow gFlow nve

run

${vFixStep} #()

##############################################################################
################

PUSH LIMIT

###########################

##############################################################################
unfix

fSetFoHiFix

unfix

fSetFoLoFix

unfix

fNveBd

unfix

fNvtHiWallexHiFix

unfix

fNvtLoWallexLoFix

unfix

fNveFlow

##################################
fix

fSetFoHiFix gHiFix setforce 0.0 0.0 NULL

fix

fSetFoLoFix gLoFix setforce 0.0 0.0 0.0

fix

fAveFoHiFix gHiFix aveforce NULL NULL -${vForce}

fix

fNveBdLimit gBd nve/limit 0.00025

fix

fNvtHiWaMob gHiWaMob nvt temp ${vTemp} ${vTemp} 0.1

fix_modify

fNvtHiWaMob temp cT3dProHiWaMob

fix

fNvtLoWaMob gLoWaMob nvt temp ${vTemp} ${vTemp} 0.1
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fix_modify

fNvtLoWaMob temp cT3dProLoWaMob

fix

fNveAsp gAsp nve

fix

fNveFlow gFlow nve

run

${vPushStepLimit}

##############################################################################
################

PUSH

##############################

##############################################################################
unfix

fSetFoHiFix

unfix

fSetFoLoFix

unfix

fAveFoHiFix

unfix

fNveBdLimit

unfix

fNvtHiWaMob

unfix

fNvtLoWaMob

unfix

fNveAsp

unfix

fNveFlow

##################################
fix

fSetFoHiFix gHiFix setforce 0.0 0.0 NULL

fix

fSetFoLoFix gLoFix setforce 0.0 0.0 0.0

fix

fAveFoHiFix gHiFix aveforce NULL NULL -${vForce}

fix

fNveBd gBd nve

fix

fNvtHiWaMob gHiWaMob nvt temp ${vTemp} ${vTemp} 0.1

fix_modify

fNvtHiWaMob temp cT3dProHiWaMob

fix

fNvtLoWaMob gLoWaMob nvt temp ${vTemp} ${vTemp} 0.1

fix_modify

fNvtLoWaMob temp cT3dProLoWaMob

fix

fNveAsp gAsp nve

fix

fNveFlow gFlow nve
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run

${vPushStep}

##############################################################################
################

SHEAR

#############################

##############################################################################
unfix

fSetFoHiFix

unfix

fSetFoLoFix

unfix

fAveFoHiFix

unfix

fNveBd

unfix

fNvtHiWaMob

unfix

fNvtLoWaMob

unfix

fNveAsp

unfix

fNveFlow

##################################
fix

fAveFoHiFix gHiFix aveforce NULL NULL -${vForce}

fix

fMoveHiFix gHiFix move linear ${vShear} 0.0 NULL units box

#shear

fix

fMoveLoFix gLoFix move linear -${vShear} 0.0 0.0 units box

#shear

fix

fTemNvtHiWaMob gHiWaMob nvt temp ${vTemp} ${vTemp} 0.1

fix_modify

fTemNvtHiWaMob temp cT3dProHiWaMob

fix

fTemNvtLoWaMob gLoWaMob nvt temp ${vTemp} ${vTemp} 0.1

fix_modify

fTemNvtLoWaMob temp cT3dProLoWaMob

fix

fNveAsp gAsp nve

fix

fNveFlow gFlow nve

run

${vShearStep}

##############################################################
##################

endloopTemp

##########################

##############################################################
next
jump

vTemp
in.multi_asp forlooptemp
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##############################################################
##################

endloopShear

##########################

##############################################################
next
jump

vShear
in.multi_asp forloopshear

##############################################################
###############

endloopForce

###########################

##############################################################
next
jump

vForce
in.multi_asp forloopforce

##############################################################
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